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FOREWORD 

This repor t  was prepared by The Marquardt Corporation, Van Nuys, 
Cal i fornia  under National Aeronautics and Space Administration Contract NAS 8-5298. 
The work was administered under the d i r ec t ion  of the Propulsion and Mechanics 
Branch of t h e  Propulsion and Vehicle Engineering Division of t he  George C. Marshall 
Space F l igh t  Center, Huntsvil le,  Alabama. M r .  Robert Middleton was  Technical Su- 
perv isor  f o r  t he  Propulsion and Mechanics Branch. Dr. Aaron Rose was Program Man- 
ager for Tne iviarquardt C a r ~ o r s t i x .  

This i s  the  f i n a l  report  f o r  s tud ie s  begun i n  June 1963 and concluded 
i n  February 1964. 
i n t e r e s t  are:  T. A. Sedgwick, system appl ica t ion  and hea t  t r a n s f e r  s tudies;  
A. Malek and E. J .  Yates, component design s tudies;  and R. McGlone, cycle s tud ies .  

The chief  contr ibutors  t o  these  s tud ie s  and t h e i r  f i e l d s  of 
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I. SUMMARY 

General c r i t e r i a  a r e  developed f o r  the appl ica t ion  of r e l i q u e f i e r s  t o  
eliminate propel lant  b o i l  off losses i n  space and lunar  s torage systems. Combina- 
t i o n  of these c r i t e r i a  with conservative estimates of the mass and performance of 
r e l ique f i e r s  f o r  l iqu id  hydrogen storage systems a t  lunar  equator ia l  s i tes ind i -  
ca tes  the following: For a storage durat ion of 12 lunar  days (approximately one 
e a r t h  year)  t he  t o t a l  masses which must be transported t o  supply a f ixed mass of  
l i q ~ . F d  hydrogen a t  t h e  end of t h e  storage period can be reduced 1 4  and 28 percent 
by t h e  use of r e l i q u e f i e r s  f o r  20 and 10-foot diameter s torage tanks, respect iveiy.  
Operation of these r e l ique f i e r s  only during t h e  lunar  night r e s u l t s  i n  unvented 
tank pressure increases during the  dayl ight  hours of only 5 and 12 ps i ,  respect ive-  
ly, and is, therefore ,  considered feas ib le .  This mode of operation permits t he  re- 
l i q u e f i e r  waste heat  t o  be radiated t o  space using comparatively low r a d i a t o r  t e m -  
peratures .  
which could not otherwise be employed. 

This i n  t u r n  permits the use of r e l a t i v e l y  simple r e l i q u e f i e r  cycles 

Preliminary r e l ique f i e r  component analysis  and d e s i g n  s tud ies  tend t o  
subs t an t i a t e  the i n i t i a l  r e l ique f i e r  mass and performance estimates.  These s tudies  
a l so  ind ica te  t h a t  nuclear power systems present ly  under development, such as  SNAP 
2, r e s u l t  i n  a mass chargeable t o  t he  r e l i q u e f i e r  which i s  a small f r a c t i o n  of the 
mass of hydrogen recovered by rel iquefact ion.  More advanced nuclear power systems 
w i l l  r e s u l t  i n  an almost negl igible  f r a c t i o n  of the t o t a l  mass chargeable t o  the 
re l iquefac t ion  system. 

11. INTRODUCTION 

The object ive of t h e  s tud ies  reported herein i s  the  evaluat ion of the 
f e a s i b i l i t y  of employing hydrogen r e l i q u e f i e r s  t o  reduce o r  eliminate b o i l  o f f  
losses  from lunar  and space l iquid hydrogen s torage systems. 
s torage periods of the order of one e a r t h  year a t  a lunar  equator ia l  s i t e .  
sequence of presentat ion of t he  studies conducted t o  accomplish t h i s  objec t ive  i s  
as  follows: The general  conditions under which the use of  a r e l i q u e f i e r  i s  advan- 
tageous a r e  derived. The c r i t e r i o n  employed i s  t h a t  t he  use of a r e l i q u e f i e r  shall  
r e s u l t  i n  a reduction i n  the t o t a l  mass which must be transported i n  order  t o  sup- 
ply a given mass of hydrogen a t  the end of a specif ied s torage period. 
s u l t i n g  conditions a re  combined with preliminary estimates of the performance and 
mass of a r e l i q u e f i e r  f o r  a lunar equa to r i a l  s i te .  From t h i s  combination, it i s  
shown t h a t  subs t an t i a l  savings i n  the t o t a l  mass transported can be e f fec ted .  
remainder of the s tudies  reported cons t i t u t e  an i n i t i a l  v e r i f i c a t i o n  of the r e -  
l i q u e f i e r  performance and mass estimates. The f e a s i b i l i t y  of operating the re-  
l i q u e f i e r  only during t h e  lunar  night i s  first confirmed. This r e s u l t  provides a 
b a s i s  f o r  the se l ec t ion  of radiator  temperature l eve l s  and thereby has a funda- 
mental influence on the se lec t ion  of p o t e n t i a l  r e l i q u e f i e r  cycles f o r  t h e  compara- 
t i v e  cycle study which follows. 
analyses a r e  employed a s  the bases f o r  component analyses and conceptual design 
s tudies .  

The emphasis i s  on 
The 

Tiie re- 

The 

Final ly ,  the r e s u l t s  of representat ive cycle 

Wherever the thermodynamic proper t ies  of hydrogen a re  required,  para- 
hydrogen data  and 20.4'K equilibrium hydrogen da ta  a r e  used interchangeably. The 
j u s t i f i c a t i o n  f o r  t h i s  and t h e  conversion f ac to r s  and enthalpy datum shif ts  asso- 
c i a t ed  w i t h  the seve ra l  sources o f  da ta  employed a re  presented i n  Appendix A. 
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111. APPLICATION STUDIES 

A. Rel iquefier  Application C r i t e r i a  

1. General C r i t e r i a  

The fundamental assumptions and p r inc ipa l  r e s u l t s  of a comparativc 
a n a l y s d  of two l iqu id  storage systems--one with a r e l i q u e f i e r  and one without a 
re l iquef ie r - -a re  presented herein.  
t a i l e d  der iva t ion  of the  r e s u l t s .  
under what conditions t h e  use of a re3 iquef ie r  w i l l  r e s u l t  i n  a reduction i n  t h e  
t o t a l  mass which must be transported i n  order  t o  supply a given mass of l i qu id  a t  
t h e  end of a specif ied storage period. It is, of course, only va l id  t o  compare thc 
bes t  storage system with a r e l ique f i e r  t o  the  bes t  s torage system without a re- 
l i q u e f i e r .  Accordingly, t he  t o t a l  mass transported i s  minimized f o r  each of t h e  
two systems. 

The reader  i s  referred t o  Appendix B f o r  a de- 
The purpose of t h e  analysis  i s  t o  determine 

I n  s p i t e  of the frequent reference t o  l iqu id  hydrogen i n  Appendix 
B, t h e  analysis  i s  i n  f a c t  applicable t o  l iqu id  s torage systems i n  general. Fur- 
t he r ,  t he  r e s u l t s  a r e  independent o f  the environmental conditions and the  s torage 
tank construction. It i s  assumed merely t h a t  these a re  the same f o r  both s torage 
systems. 

I n  the  case of  the s torage system without a r e l ique f i e r ,  t h e  
t o t a l  mass transported i s  minimized w i t h  respect  t o  the  mass of insu la t ion  employe( 
on t h e  s torage tank. The minimization i s  pr imari ly  a t rade  between the  in su la t ion  
mass and the mass of  the  b o i l  o f f  losses .  The b o i l  o f f  losses  a re  inversely pro- 
p o r t i o n a l t o  the mass of insulat ion (and d i r e c t l y  proport ional  t o  the  s torage 
per iod) .  Thus, although an increase of insu la t ion  mass i s  d i r e c t l y  r e f l ec t ed  a s  ai 
increase i n  t o t a l  mass transported,  it i n d i r e c t l y  tends t o  decrease the t o t a l  mass 
transported by reducing the b o i l  o f f  losses .  
t rends  i s  a minimum i n  t h e  t o t a l  mass t ransported.  Th i s  minimum occurs when t h e  
in su la t ion  mass i s  equal t o  t h e  sum of t h e  b o i l  o f f  mass and an associated incre-  
mental tank mass. The incremental tank mass cons t i t u t e s  a small  refinement i n  the  
ana lys i s  t o  take in to  account t he  f a c t  t h a t ,  i f  a specif ied mass of l iqu id  i s  t o  
be supplied a t  the end of t he  storage period, t he  tank s torage capaci ty  musi excew 
t h i s  specif ied mass by the mass of the  b o i l  o f f  losses .  The incremental tank mass 
i s  assumed t o  be d i r e c t l y  proportional t o  the mass of b o i l  o f f  losses .  

The r e s u l t  of these two opposing 

I n  t h e  case of t h e  s torage system with a r e l ique f i e r ,  t h e  t o t a l  
mass transported i s  minimized w i t h  respect  t o  the  mass of insu la t ion  and w i t h  r e -  
spec t  t o  the mass of  the  b o i l  o f f  which i s  re l iquef ied .  The mass of t h e  re l ique-  
f i e r  is  assumed t o  be d i r e c t l y  proportional t o  the  re l iquefac t ion  mass flow r a t e .  
The constant of propor t iona l i ty  i s  te rmed t h e  r e l i q u e f i e r  spec i f i c  mass and has 
t y p i c a l  un i t s  of lb / ( lb /hr )  or simply hr. 
as  t h e  algebraic  sum of the  various contr ibut ions,  by introducing the  proport ional  
t i es  indicated previously, and then by comparing the r e s u l t  w i t h  the s imi la r  expref 
s ion  f o r  a system without a re l iquef ie r ,  t h e  following general  c r i t e r i a  a r e  r igor -  
ously derived i n  Appendix B: If  the  spec i f i c  mass of t he  r e l i q u e f i e r  i s  less than 
t h e  t i m e  period of s torage then the use of a r e l i q u e f i e r  w i l l  r e s u l t  i n  a reductio] 
i n  the  t o t a l  mass transported and t h e  re l iquefac t ion  mass flow r a t e  should be made 

By wr i t i ng  t h e  t o t a l  mass t ransported 
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as  la rge  as  possible  i n  order t o  minimize the  t o t a l  mass t ransported.  The l a rges t  
possible  re l iquefac t ion  mass flow r a t e  i s  t h a t  corresponding t o  re l iquefac t ion  of 
a l l  the b o i l  o f f .  That these results a r e  reasonable can be demonstrated as  f o l -  
lows: 
r e l i q u e f i e r  spec i f i c  mass and t h e  re l iquefac t ion  mass flow r a t e - i s  l e s s  than the 
product of t he  time period of storage and t h e  re l iquefac t ion  mass f l o w  r a t e ,  then 
the  use of a r e l i q u e f i e r  w i l l  r e s u l t  i n  a reduction i n  the  t o t a l  mass t ransported.  
These two products a re  equal t.o the mass of the r e l i q u e f i e r  and the  mass of l iqu id  
recovered by the use of' the r e i ique r i e r ,  respect iveiy.  Clearly,  if t i e  former i s  
l e s s  than the  l a t t e r ,  use of a r e l ique f i e r  w i l l  r e s u l t  i n  a reduction of t he  t o t a l  
mass transported.  

The f i r s t  port ion of  t h e  r e su l t s  may be r e s t a t ed  as: If the  product of t h e  

The minimization o f  t h e  t o t a l  mass transported with respect  t o  the 
insu la t ion  now becomes a t rade between t h e  insu la t ion  mass and the r e l i q u e f i e r  mass 
As  t h e  insu la t ion  mass i s  decreased, t he  b o i l  o f f  r a t e  and hence t h e  re l iquefac t ior  
r a t e  and the  r e l i q u e f i e r  mass increase.  A minimum i s  found t o  occur when t h e  in -  
su l a t ion  mass and t h e  r e l i q u e f i e r  mass a r e  equal. The value of t h e  insu la t ion  masE 
a t  t h i s  minimum i s  less than t h e  corresponding value f o r  t he  s torage system with- 
out a re l iquef  i e r .  

.. 

2. Application t o  Lunar Hydrogen Storage 

The r e s u l t s  o f  the analysis  described above a r e  applied herein t o  
the  s torage of l iqu id  hydrogen a t  a lunar  equator ia l  s i t e .  
twelve lunar  days, 8305 hours, or approximately one e a r t h  year, i s  considered. A 
l i q u e f i e r  spec i f i c  mass of 1000 lb/(lb/hr) i s  estimated f o r  t h i s  appl icat ion.  
(Based on the  cycle s tud ies  and component design s tudies  reported i n  l a t e r  sections 
of th i s  report ,  it i s  believed t h a t  t h i s  estimate of spec i f i c  mass i s  conservative, 
t h a t  i s ,  t h a t  lower values can be achieved.) 
less than the durat ion of s torage and hence, from the  preceding discussion, appl i -  
ca t ion  of a r e l i q u e f i e r  i s  indicated.  

A s torage period of 

T h i s  spec i f i c  mass i s  considerably 

Two comparisons are made between s torage systems w i t h  and wjthout 
a r e l i q u e f i e r :  

from the  comprehensive study o f  cryogenic propel lant  lunar  s torage reported i n  
Reference 1. These data  a re  t h e  masses of hydrogen s tored,  the hydrogen l o s t  by 
b o i l  o f f ,  the tank s t ruc ture ,  and the  tank insu la t ion .  These a re  presented i n  the  
f irst  and t h i r d  columns of Table I f o r  t h e  20-foot diameter tank  and t h e  10-foot 
d i a m e t e r  tank, respect ively.  I n  both cases, t h e  condition required t o  minimize 
the  t o t a l  mass transported (per  u n i t  mass of hydrogen ava i lab le  a t  the  end of t he  
s torage  period) i s  s a t i s f i e d .  
t o  t h e  in su la t ion  mass. The data f o r  t he  systems w i t h  r e l i q u e f i e r s  a r e  derived 
from those without r e l ique f i e r s  as follows: The tank s t ruc tu re  mass i s  the  same. 
The in su la t ion  mass i s  obtained from the expressions derived i n  Appendix B f o r  the 
in su la t ion  masses which minimize the t o t a l  mass transported w i t h  and without a 
r e l i q u e f i e r .  Combining these  expressions ind ica tes  t h a t  t he  r a t i o  of these two 
insu la t ion  masses i s  equal t o  the  square root  of t he  r a t i o  of re l4quef ie r  spec i f ic  
mass t o  the s torage duration. In  obtaining t h i s  r e s u l t ,  t he  incremental tank mass 

One f o r  a 20-foot diameter spher ica l  storage tank and the  o ther  
fur- a iO-ruut ,jiarueiier. iarlk. ~~t~ poi; tiie systerf-fi - -~LL - . .L  ---lz -..- w ~ b ~ ~ u u l r  re i iyuef2ei-S STY takzii 

That is ,  t he  mass of hydrogen boi led o f f  i s  equal 
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term included i n  t h e  Appendix B analysis i s  deleted because t h i s  e f f e c t  i s  taken 
in to  account herein by deducting t h e  hydrogen b o i l  o f f  losses  from t h e  tank  s torage 
capaci ty  t o  y ie ld  t h e  mass of l iquid hydrogen ava i lab le  a t  the  end of  t h e  s torage 
period. The r e l i q u e f i e r  mass should, as noted previously,  be made equal  t o  t h e  
in su la t ion  mass. 

The t o t a l  mass transported per u n i t  mass of hydrogen ava i lab le  
a t  t h e  end of t he  s torage period i s  presented i n  the  next t o  the  l a s t  row of Table 
I. For t he  20-foot diameter tank, the use o r  a r e l i q u e f i e r  reduces Lilt: i o i a i  IGSS 

which must be t ransported by 14  percent and f o r  t he  10-foot diameter tank by 28 
percent.  (The f a c t  t h a t  t he  second reduction i s  j u s t  twice t h e  first is  coinci-  
denta l . )  The use of a r e l i q u e f i e r  becomes more a t t r a c t i v e  as  t he  tank  diameter i s  
reduced because the  percentage b o i l  o f f  t e n d s  t o  be g r e a t e r  f o r  smaller tanks.  A s  
t he  tank diameter i s  reduced, t h e  s torage capaci ty  decreases i n  proportion t o  t h e  
diameter cubed, whereas, t h e  surface area and therefore  the  heat t r a n s f e r  r a t e  and 
the  b o i l  o f f  losses ,  a r e  reduced only  i n  proportion t o  t h e  diameter squared. 

B. Night Only Operation o f  Rel iquefier  

The waste heat associated with the  operat ion of t he  r e l i q u e f i e r  must 

For a lunar  equa- 
be d iss ipa ted .  Due t o  the  absence of a lunar  atmosphere, it appears t h a t  the  most 
probable technique f o r  t h i s  d i ss ipa t ion  i s  r ad ia t ion  t o  space. 
t o r i a l  s i t e ,  t h i s  i s  much e a s i e r  t o  accomplish during the  lunar  night when t h e  
r a d i a t o r  need not be shielded from s o l a r  r ad ia t ion  and when the  lunar  sur face  i s  
cooler .  
l i q u e f i e r  during the  lunar  day and allowing an unvented hydrogen s torage tank t o  
r ise  i n  pressure and temperature i s  considered. 

Accordingly, t he  p o s s i b i l i t y  of shut t ing  down t h e  operat ion of t he  r e -  

A general  study o f  l iquid hydrogen s torage tank  thermal t r ans i en t s  i s  
described i n  Appendix C. 
cont r ibu t ion  t o  t h e  change of energy s torage during the  t r a n s i e n t  i s  the change of  
t he  hydrogen i n t e r n a l  thermal energy. The changes of tank  s h e l l  i n t e r n a l  thermal 
energy and s t r a i n  energy were invest igated and found t o  be negl ig ib le .  These re- 
s u l t s  are applied here t o  t h e  two tanks with r e l i q u e f i e r s  discussed i n  the  previous 
sec t ion .  The changes of nydrogen i n i e r n a i  tiiei*iiisl eGei-g)- are  e - ; ~ l u ~ t z d  f r ~ m  Figze 
C-1 which i s  based on the  assumption there  i s  no s i g n i f i c a n t  temperature s t r a t i f i -  
c a t i o n  within the  s tored l t qu id .  This assumption i s  probably va l id  only i f  specific 
provis ions f o r  minimizing t h e  e f f ec t s  of s t r a t i f i c a t i o n  a r e  incorporated i n  the  sys 
tem design. 
through the  l iqu id  (which tends t o  become subcooled during the  daytime t r a n s i e n t  
due t o  t h e  r i s e  i n  tank pressure) .  
l i q u e f i e r  compressors and su i tab le  valving. 

It is  concluded from t h i s  study tha-6 t h e  only s ign i f i can t  

One p o s s i b i l i t y  is c i r cu la t ing  vapor from t h e  top of t he  tank  up 

This might be accomplished using one of the re- 
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TABLE I 

HYDROGEN RELIQUEFIER APPLICATION STUDY 

Storage period = 12 lunar days (Approximately one e a r t h  year) 
Minimum t o t a l  mass systems a t  a lunar  equa to r i a l  s i t e  

Tank s t ruc tu re  

Tank insu la t ion  

Reliquef i e r *  

I n i t i a l  hydrogen mass 

To ta l  mass transported 

Hydrogen b o i l  o f f  

Hydrogen ava i lab le  

Mass transported 
Hydrogen ava i lab le  

Reliquefaction r a t e  

20-f t  Diameter Tank 

1,860 l b s  

2,200 l b s  

-- 
18,610 l b s  

22,670 lbs 

2,200 lbs 

16,410 lbs 

1.381 

-- 

~ 

wit.?? 
Reliquef ier  

1,860 l b s  

18,610 lb s  

21,976 lbs 

18,610 lbs 

1.181 : 14% reduction) 

10-f t  Diameter Tank 
Without 

le li que f i e r  

232 lb s  

550 lbs 

2,324 lbs 

3,106 lbs 

550 lbs 

1,774 lbs 

1.751 

~ 

With 
Reliquef i e r  

232 lb s  

188 lbs  

188 lbs 

2,324 lbs 

2,932 lbs 

2,324 lbs 

1.262 
12% reduction) 

0.188 lb/hr 

* Includes a l l  mass chargeable t o  r e l ique f i e r  ( e  .g., nuclear e l e c t r i c a l  power SOUIT{ 
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Multiplying t h e  hydrogen b o i l  o f f  masses of Table I by the l a t e n t  
heat  of vaporization (190 Btu/lb a t  the  15 ps ia  s torage  pressure of t he  Reference 
1 s tud ie s )  y ie lds  f o r  t h e  t o t a l  amounts of heat  t r ans fe r r ed  through t h e  tank in-  
su l a t ion  during 12 lunar  cycles  418,000 Btu and 104,500 Btu f o r  t he  20-foot diame- 
t e r  and 10-foot diameter tanks, respect ively.  The amounts of heat  t ransfer red  per  
lunar  cycle a r e  one-twelfth these  o r  34,800 and 8,700 Btu, respect ively.  The 
amounts of heat  t ransfer red  a r e  inversely proport ional  t o  t h e  in su la t ion  mass ( f o r  
a f ixed tank  surface a rea ) .  Thus, f o r  t he  tanks with r e l i q u e f i e r s ,  t h e  t o t a l  
amounts of heat  t ransfer red  per  lunar cycle  a r e  101,600 

l i g h t  hours (Reference 1). 
dayl ight  hours w i l l ,  therefore ,  only s l i g h t l y  overestimate the  r ise  i n  tank t e m -  
perature  and pressure.  Using t h i s  assumption and d iv id ing  the  amomts of heat  
t ransfer red  by the  respec t ive  masses of s tored hydrogen y i e lds  the  changes i n  hy- 
drogen i n t e r n a l  thermal energy, namely, 5.46 Btu/lb and 10.92 Btu/lb f o r  t h e  20- 
foot  diameter and 10-foot diameter tanks,  respec t ive ly .  Assuming a 10 ps ia  tank  
pressure a t  the  dawn of t he  lunar  day, the  pressures a t  sunset a r e  (from Figure 
C - 1  of Appendix C )  only 15 ps ia  and 22 ps ia .  
operat ion of t h e  r e l i q u e f i e r s  only during the  lunar  night  i s  f eas ib l e .  It should 
be noted t h a t ,  under these  conditions,  t h e  re l iquefac t ion  flow r a t e s  of Table I 
should be in te rpre ted  a s  average values over a complete lunar  day. Since the  re- 
l i q u e f i e r s  a r e  operated only approximately half  the  t i m e ,  t h e  design re l iquefac-  
t i o n  r a t e s  must be made twice these average values. 

and 25,400 Btu, respec- 
++---l-- U L V L L y .  mk- L**b -ro-+ V U " "  mo i f i - i+ - r  "'UJVIAVJ c-f t hese  a ~ y ~ ? t c  nf heat a r e  t.+-gnsferred iiiiyfng t.hp fja;y- 

Assuming the  t o t a l  amounts a r e  t ransfer red  during t h e  

It i s  concluded, therefore ,  t h a t  

Iv. CYCLE ANALYSES 

A. Hydrogen Cycles Without Expanders 

Hydrogen cycles t h a t  do not use expanders o r  o ther  means t o  remove 
energy from the  f l u i d  i n  the  form of mechanical work a r e  dependent e n t i r e l y  upon 
the  Joule-Thomson e f f e c t  f o r  cooling. The Joule-Thomson e f f e c t  i s  a reduction of 
temperature r e s u l t i n g  from an adiabat ic  reduction of pressure.  This e f f e c t  is  
described with the  a id  of t h e  temperature-entropy diagram of Figure 1 and the  
schematic of the  Hampson cycle shown i n  Figure 2. The Hampson cycle i s  the  
s implest  of a l l  cycles  which r e l y  upon the  Joule-Thomson e f f e c t .  I t s  operat ion 
is as f e l l ~ w c . :  TFIw ~ r e ~ ~ i - i r e  sat.iirat.ed hydrogen vapor from the  tank, Point 1 i n  
Figure 2, i s  heated i n  a counterflow heat  exchanger and then compressed t o  a high 
pressure.  A s u b s t a n t i a l  hydrogen temperature r i s e  occurs through the  compressor. 
However, t h i s  i s  o f f s e t  by the  cooling i n  the  waste heat  r ad ia to r  through which t h e  
hydrogen(-next passes. The Bighst@g:essure:,gas stream i s  then .aooledi by. coun%er glow 
hea t  t r a n s f e r  t o  t h e  low pressure stream and f i n a l l y  expanded through a valve i n t o  
t h e  s torage tank. 
through t h e  valve produces a p a r t i a l  l iquefac t ion  of t h e  gas. 

The Joule-Thomson cooling r e s u l t i n g  frcm the  pressure drop 

Paradoxically,  b h i l e  t he  only Joule-Thomson cooling occurs i n  t h e  ex- 
pansion valve, t h e  appl ica t ion  of t h e  Hampson cycle  i s  l i m i t e d  by the  exis tence of 
t h e  Joule-Thomson e f f e c t  f o r  t he  Conditions a t  the  top  of t h e  heat  exchanger. 
sider an energy balance f o r  a cont ro l  volume containing t h e  heat  exchanger, t he  
expansion valve, and t h e  hydrogen tank of Figure 2. 
c o n t r o l  volume a t  Point 2, and an equal  flow r a t e  hydrogen stream enters  t h e  con- 
t r o l  volume a t  Point  4, 
c o n t r o l  volume and hence any l iquefact ion of hydrogen vapor, the  energy leaving the  

Con- 

A hydrogen stream leaves t h i s  

Now i f  there  i s  t o  be any ne t  removal of energy from t h i s  



1. Hydrogen rel iquefied per  hour = 1 l b  

cont ro l  volume must exceed the energy en ter ing  the cont ro l  volume. 
a r e  the  respect ive products of mass flow r a t e  and enthalpy. Thus, s ince  the  flow 
r a t e s  a re  the same, the enthalpy a t  go in t  2 must exceed t h a t  a t  point  4. Now f o r  
hea t  t r a n s f e r  t o  take place,  t h e  high pressure flow temperature must be grea te r  
than the  low pressure flow temperature a t  every point  i n  t h e  heat exchanger. 
pa r t i cu la r ,  t he  temperature a t  point 4 must exceed t h a t  a t  point  2. 
i nequa l i t i e s  a r e  noted on t h e  temperature-entropy diagram of Figure 1. For the  
p a r t i c u l a r  r ad ia to r  e x i t  s t a t e  indicated (poin t  4 )  t he  inequa l i t i e s  can only be 
simultaneously s a t i s f i e d  if t h e  compressor i n l e t  state, (poqnt '2) lses 'in %he 
:haded ait.6. Fuiiler- ,  uri ie~s iiie ierriper-aiure decreases as iiie pressure i s  reduce6 
a t  constant enthalpy as  shQwn f o r  t he  region between the  pressures of po in ts  4 and 
2, t h e  inequa l i t i e s  cannot be simultaneously s a t i s f i e d .  S t a t e d ' i n  o ther  words, 
t he re  must be a pos i t i ve  Joule-Thomson e f f e c t .  

These energies 

In 
These two 

The preceding arguments could be applied t o  any loca t ion  i n  t h e  heat 
exchanger. It i s  applied t o  the  top of the  heat  exchanger of Figure 2 because the  
highest  temperatures occur the re  and the  Joule-Thomson e f f e c t  decreases with in -  
c reas ing  temperature. For parahydrogen, t he  (pos i t i ve )  Joule-Thomson e f f e c t  
vanishes a t  temperatures above 3 6 0 " ~  
t h i s  value could be employed. However, on a p r a c t i c a l  bas i s ,  subs t an t i a l ly  lower 
temperatures must be employed. A 200"R rad ia to r  e x i t  temperature was employed i n  
a l l  of t he  cycle analyses described herein.. A number of o ther  somewhat a r b i t r a r y  
se lec t ions  of cycle  operat ing conditions were used. 
employ the  same reasonable, although not necessar i ly  optimum, conditions throughout 
t he  cycle s tud ies .  
t h e  heat exchanger was a compromise between t h e  temperature and enthalpy inequal i -  
t i e s  which must be s a t i s f i e d .  

Theoret ical ly ,  temperatures approaching 

The general  philosophy was t o  

For example, the 4"R temperature difference a t  t he  top  end of 

Another important consideration i s  the  pressure drop through t h e  low 
This pressure drop a f f e c t s  the  heat  t r a n s f e r  dens i ty  s ide  of t he  heat exchanger. 

r a t e  and, therefore ,  t h e  s i z e  of the heat exchanger. However, it a l so  a f f e c t s  t h e  
compressor and r ad ia to r  requirements Joule-Thomson cool ing i s  negl ig ib le  below 
pressures  of 100 t o  200 ps ia  a t  the heat  exchanger e x i t  temperature (196 '~) .  
though cornpressor work i s  added i n  t h e  low pressupe range, it adds no cooling value 
and enlarges both the  compressor and rad ia tor .  ,Therefore, t he  pressure drop 
thrnngh the lcw 6ecs i ty  s ide  cf the h e z t  e x c h a ~ g z r  ,should be held t o  rclztL-~ePy 
smal l  values ,  A value of 2 ps ia  was se lec ted ,  The high dens i ty  s ide  pressure drop 
was regulated t o  provide the  maximwn temperature d i f f e r e n t i a l  a t  t h e  cold end of 
t he  hea t  exchanger. 

Al- 

A summary of t h e  conditions employed i n  the  analysis  of a l l  cycles,  
with o r  without expanders, i s  a s  follows : 

2. Hydrogen s torage tank pressure = 10 ps ia  

3 e Radiator e x i t  temperature =..POO"R 

4. Heat exchanger pinch temperature = 4% 



5 .  Minimum allowable pressure drop through low dens i ty  s i d e  of heat 
exchanger system = 2 ps i a  

Pressure drop through high dens i ty  s i d e  of heat exchanger system 
regulated t o  provide maximum temperature d i f f e r e n t i a l  a t  cold end 

Rotating machinery i s en t rop ic  e f f ic iency  = 6% 

Pressure drop through r ad ia to r  system = 5% 

6. 

7. 

8. 

Figure 3 shows the  e f f ec t  of varying the  r ad ia to r  e x i t  pressure on 

I 

t h e  compressor power required f o r  t he  Hampson cycle.  The minimum power occurs a t  
a pressure of approximately 1500 p s i a .  Above t h i s  pressure,  t h e  increase i n  the  
Joule-Thomson cooling i s  s l i g h t  and t h e  r e c i r c u l a t i n g  mass flow r a t e  does not de- 
crease s u f f i c i e n t l y  t o  overweigh the add i t iona l  enthalpy r i s e  across the  compres- 
sor. Below 1500 ps ia  the  converse i s  t r u e .  The mass flow r a t e  increases  so 
rap id ly  t h a t  although the  compressor enthalpy rise i s  decreasing the  ne t  r e s u l t  
i s  an increase i n  power. 

I 

Figures 4, 5 ,  and 6 a r e  schematics of Hampson cycles with one, two, 
and th ree  s tages  of intercool ing.  These systems were studied t o  determine t h e  de -  
s i r a b i l i t y  of using a series arrangement of compressors and r ad ia to r s  a s  a means 
of  reducing power and r ad ia t ion  requirements. 
was held a t  1500 ps ia  and the  compressor pressure r a t i o s  were held constant i n  each 
series. Constant pressure r a t i o  compressors provide t h e  minimum t o t a l  compressor 
power using a per fec t  gas, which hydrogen near ly  i s  a t  these condi t ions.  The re- 
s u l t s  show a la rge  decrease i n  compr$$sor power with one s tage  of in te rcool ing  and 
smaller decreases with each addi t ional  s tage .  The f i r s t  s tage drops the  horsepower 
from 10.75 t o  7.88, a 26 percent reddction. The second and t h i r d  s tages  show much 
smaller  successive drops. With two and th ree  stages,  t he  horsepower is 7.42 horse- 
power and 7.02 horsepower, respectively.  This i s  a drop of approximately 5 percent 
per  s tage.  

The f i n a l  r ad ia to r  e x i t  pressure 

Further  reductions i n  compressor power requirement were made with dual  
pressure cycles .  I n  dua l  pressure cycles:, t h e  flow i s  divided i n t o  a high pressure 
r e f r i g e r a t i o n  loop and a low pressure ioop i n  wnich the  f l o w  v u t  of the t E i i k  I s  
compressed t o  replenish the  r e f r ige ra t ion  loop. The power i s  reduced by c i r c u l a t i n  
only a small  por t ion  of the  t o t a l  mass flow i n  the  low pressure loop where the 
Joule-Thomson cooling i s  negl igible  and r e c i r c u l a t i n g  the majority of t h e  flow i n  
the  high pressure r e f r ige ra t ion  loop. 

Figure 7 shows a dual pressure cycle  with one s tage of low pressure 
loop in te rcool ing  i n t e g r a l  with t h e  intermediate pressure loop. The minimum com- 
pressor  power (3.60 HP) was found by varying both t h e  high pressure loop r ad ia to r  
e x i t  pressure and the amun t  of  expansion i n t o  the  mixed phase region i n  the  re- 
c i r c u l a t i o n  loop (See Figure 8) .  The pressure drop through t h e  r ec i r cu la t ion  l eg  
of t h e  heat  exchanger was kept small ( 2  p s i a )  t o  reduce t h e  enthalpy r i s e  through 
t h e  compressor. Minimum power occurs a t  a r ad ia to r  exi t  pressure of  1500 psi@, the  
same value a s  t h a t  i n  the  Hampson cycle  study. The graph shows t h a t  expanding t o  
a pressure  of l5O ps ia  r e s u l t s  i n  minimum power. Additional expansion r e s u l t s  i n  
an enthalpy r i s e  i n  the  high pressure loop t h a t  overweighs the  accompanying reduced 
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A schematic of a dual pressure  cycle with one s tage  of primary loop 
in te rcool ing  i s  presented i n  Figure 9 .  This cycle differs  from t h e  previous dua l  
pressure cycle i n  t h a t  t h e  primary (low mass flow) loop mixes wi th  t h e  high pres- 
sure  r e c i r c u l a t i n g  loop a f t e r  it has been compressed t o  a high r a t h e r  than t o  an 
intermediate pressure l eve l .  
than i n  the  preyious cycle.  It was found by varying t h e  amount of expansion i n  
t h e  r ec i r cu la t ion  loop (See Figure 10). 
of 1500 p s i a  was assumed t o  provide t h e  minimum power as i n  previous cycles.  Fig- 
ure 11 shows t h a t  t h e  power requirement i n  t h e  primary loop can be reduced by 3 
percent ir t he  compressor pressure r a t i o s  a re  var ied io  Lake advaiitage ~f the I m -  
p e r f e c t  gas c h a r a c t e r i s t i c s .  

The minimum power of 4.772 HP i s  considerably higher 

A r a d i a t o r  e x i t  pressure f o r  both loops 

I n  Figure 12, cooling of t h e  sa tura ted  l i qu id  between expansions has 
been added t o  t h e  dual pressure cycle with one s tage  of primary loop in te rcool ing .  
The v a r i a t i o n  o f  compressor power with t h e  r ec i r cu la t ion  loop expansion pressure 
(shown i n  Figure 13) was based upon holding t h e  4" pinch temperature ground r u l e  
f o r  both heat exchangers and s p l i t t i n g  t h e  2 p s i a  pressure drop between t h e  heat 
exchangers i n  t he  tank outflow leg between S ta t ions  1 and 3. 
HI? i s  a s l i g h t  improvement over cycles without cooling i n  t h e  low temperature 
regime and it occurs with somewhat less expansion i n  t h e  r e c i r c u l a t i o n  loop. 

The minimum of  4-50 

B. Hydrogen Cycles with Expanders 

Hydrogen cycles with expanders a r e  not l imited t o  Joule-Thomson cool- 
i n g  alone. 
Thomson cooling and thereby r e s u l t s  i n  lower flow r a t e s  and reduced power requi re -  
ments. 

The energy removed f r o m  t h e  f l u i d  by the  expander adds t o  t h e  Joule- 

Figure 14  shows a schematic of a cycle employing one s tage  of  i n t e r -  
cooling and an i n t e g r a l  high temperature r e f r i g e r a t i o n  loop wi th  one expander. A l -  
though doing a bigger percentage o f  t h e  cooling, t he  flow r a t e  i n  t h e  r e c i r c u l a t i o r  
loop has been reduced t o  l e s s  than one-tenth t h e  flow r a t e s  i n  t h e  r e c i r c u l a t i o n  
loops without expanders. 

The v a r i a t i o n  of compressor power with expander e x i t  pressure i s  
ShOkTi  iii FIgc1.2 Ij. A p o ~ e i :  r e q i ; i r ~ i ~ ~ t  ~f 2.40 EP WBS s e l e c t e d  ra ther  than the 
a c t u a l  minimum (2.16 HP) on the  b a s i s  of a much lower expander pressure r a t i o .  The 
small increment i n  power d i d  not appear t o  warrant an increase i n  expander pressure 
r a t i o  of a f a c t o r  of  4. 

I n  Figure 14 ,  the majority of t h e  cooling was done i n  t h e  high tem- 
pe ra tu re  r e f r i g e r a t i o n  loop. This loop consumed only a f r a c t i o n  of the t o t a l  com- 
p res so r  power. A cycle was designed t h a t  would separate the  loops and eliminate 
t h e  need f o r  high compression i n  t h e  primary loop, thereby, reducing t h e  compressor 
enthalpy rise.  If t h e  primary loop flow r a t e s  remain low enough, t h e  r e s u l t  would 
be a lowering of t h e  compressor power i n  t h i s  loop. The cycle i s  shown i n  Figure 
16. The i n t e r a c t i o n  between t h e  mass flows and compressor pressure r a t i o s  of  both 
loops were simultaneously investigated t o  determine the  amount of primary loop com- 
press ion  and r e f r i g e r a t i o n  loop expansion t h a t  would r e s u l t  i n  t h e  minimum t o t a l  
compressor power. Figure 17 shows t h e  e f f e c t  of changing e i t h e r  o f  the  var iab les  
while holding t h e  o t h e r  constant. 
of LO p s i a  and r a d i a t o r  e x i t  pressure of 1500 p s i a  represents t he  minimum power 
f o r  t h i s  cycle. 

The 1.58 Kp shown f o r  t h e  expander e x i t  pressure 

UNCLASS W E D  - 9 -  
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A Claude-Heylandt cycle.. i s  shown i n  Figure 18. I n  Claude-Heylandt 
cycles,  t h e  f l u i d  i s  expanded f r o m t h e  high pressure s i d e  of t h e  cycle t o  t h e  low 
pressure s i d e .  The compressor power i s  found by varying the  expander i n l e t  pres- 
sure  and temperature. The expander e x i t  pressure i s  f ixed by t h e  s torage tank 
pressure and the  pressure drop through the  low dens i ty  s i d e  of t he  heat  exchanger 
between the  tank and expander. 

The da ta  shown i n  Figure 19 ind ica te  t h a t  t he  pressure drop through 
the  heat  exchanger between t h e  rad ia tor  and expander should be held t o  a minirriurn. 
This p l o t  i s  based upon the 1500 psia  r a d i a t o r  e x i t  pressure previously found t o  
provide maximum cooling per  u n i t  compressor power i n  near ly  a11 cycles ,  and not 
l imi t ing  a l l  r ad ia to r  t o  a pinch temperature of 4"R. 
t o  be 1.84 HP a t  an expander e x i t  temperature of 176.5OR. 

The minimum power was found 

The r e s u l t s  of Figure 20 ind ica te  t h a t  by lowering the  r a d i a t o r  e x i t  
pressure t o  720 ps i a  and holding the pressure drop t o  2 ps ia  through t h e  heat ex- 
changer between the  r ad ia to r  and expander, t h e  compressor power requirement can be 
lowered t o  1.54 m. 

Figure 2 1  represents  t h e  f i rs t  approach t o  solving a Claude-Heylandt 
cycle  with two expanders and two stages of intercool ing.  The compressor power 
shown does not represent  a m i n i m u m  f o r  t h e  cycle.  
by varying the  top  expander i n l e t  temperature a t  a constant expander i n l e t  pressure 
The pressure selected corresponds t o  a r a d i a t o r  e x i t  pressure of 1500 ps ia  with a 
m i n i m u m  pressure drop through t h e  t o p  heat  exchanger. The v a r i a t i o n  of compressor 
power with expander i n l e t  temperature i s  shown i n  Figure 22. The minimum power of 
2.07 HP occurs when t h e  top  heat  exchanger i s  removed. A schematic of t h i s  cycle 
wi th  t h e  top  and bottom heat exchangers removed i s  presented i n  Figure 23. 

The compressor power i s  found 

Table I1 is  a summary of t h e  r e s u l t s  of a l l  t he  hydrogen cycles ,  with 
and without expanders, t h a t  were analyzed. 

C .  Cascade Cycles 

As  noted previously,  cycles  without expanders are wholly d z p e n d e ~ t  ap= 
on t h e  Joule-Thomson cooling e f f e c t  and the  highest  temperature a t  which these 
cycles  may r e j e c t  heat  i s  l i m i t e d  by t h e  inversion of t h e  Joule-Thomson e f f e c t  f o r  
parahydrogen. This occurs a t  approximately 360'R. However, maintaining su f f i c i en t  
l y  l a rge  heat  exchanger temperatue d l f fe rences  and reasonable o v e r a l l  cycle per- 
formance l i m i t s  the  maximum temperature t o  values of t he  order  o f  200'R. Cycles 
wi th  expanders circumvent t h i s  l imi t a t ion  by removing energy ( i n  p a r t )  i n  the  form 
of t h e  s h a f t  work of t h e  expanders. 

An a l t e r n a t e  way t o  circumvent t h i s  l imi t a t ion  i s  t o  t r a n s f e r  heat  
from t h e  hydrogen t o  another substance whose Joule-Thomson inversion temperature 5.2 

higher .  This i s  t h e  p r inc ip l e  of t h e  cascade cycle.  A schematic diagram of a 
hydrogen-neon cascade cycle is  shown i n  Figure 24. 

LASS I F I Eb - 10 - 
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It i s  worth noting tha t  t h i s  i s  not a cascade cycle  i n  t h e  usual  
sense, i n  t h a t  cascade usua l ly  implies a cascade of vapor compression r e f r ige ra t ion  
cycles ( f o r  example, Keesom' s nitrogen-methane-ethylene-ammonia cascade a i r  l ique- 
f i e r ) .  Such a system is dependent upon a fiequence of substances whose l iqu id  t e m -  
perature  ranges overlap. I n  t h e  present instance neon may be employed a f t e r  hydro- 
gen s ince the  t r i p l e  point  temperature of neon ($4.O0R) i s  between t h e  t r i p l e  point 
and c r i t i c a l  point  temperatures (25.1°R and 59.4"R) of hydrogen and t h e  c r i t i c a l  
point  temperature of neon (79.5"R) i s  somewhat grea te r  than t h a t  of hydrogen. 

However, there  i s  no pure substance s u i t a b i e  rur t h e  ;ex% higher tem- 
perature  range i n  a vapor compression loop. This i s  i l l u s t r a t e d  by the  t r i p l e  
point  temperature lis$ of Table 111. 

TABLE: I11 

SUBSTANCES CONSIDERED FOR CASCADE RELIQUEFIERS 

Substance 

Parahydrogen 

Neon 

Flor ine 

Nitrogen 

Oxygen 

Argon 

Carbon monoxide 

Tr ip le  Point 
Temper a t u r e  

( O R )  

25.1 

44 .O 

96.4 

113 09 

98.6 

151.0 

122.6 

Z r i t i c a l  Point  
Temperature 

( O R )  

59.4 

79.5 

226.9 

239-2 

There i s  some p o s s i b i l i t y  -that a iiiiicttiiie z5ght. p r s ~  sa.t isfactory.  
However, e f f o r t s  t o  f ind  a su i tab le  mixture have thus f a r  proven f r u i t l e s s .  
rnkbure of argon and neon was thought t o  be a l i k e l y  one. From t h e  data  of Table 
111, the  temperature range would appear t o  be correct .  Additionally,  it i s  known 
t h a t  helium and neon a r e  mutually soluble .  
and argon would be mutually soluble s ince a l l  th ree  of these  substances a re  of the  
same chemical family. However, a search of the  l i t e r a t u r e  reveals  t h a t  recent  ex- 
perimental  s tud ies  have shown tha t  neon and argon are  not soluble .  

A 

Thus, it might be expected t h a t  neon 

Use of t h e  hydrogen-neon cycle shown i n  Figure 24 probably cannot be 
j u s t i f i e d  on the  bas i s  of the  r e l a t i v e l y  small difference between the  Joule-Thomson 
inversion temperatures of neon and hydrogen. However, it might be j u s t i f i e d  on t h e  
b a s i s  of a redundant r ad ia to r  design t o  o f f s e t  meteoroid damage. 
r a d i a t o r  redundancy design approach involved i s  discussed i n  Reference 2. 
p l i ed  here, a s ing le  hydrogen loop would t r a n s f e r  heat t o  a number of small  neon 

The general  
A s  ap- 
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loops operating i n  p a r a l l e l  with one another. 
tubes i n  one of these  neon loops would then leave the  remainder of t h e  system i n  
operation. Note t h a t  i f  hydrogen i s  c i r cu la t ed  through a rad ia tor ,  punctures must 
be detected and then i so l a t ed  by c los ing  valves .  The authors of Reference 2 point  
out t he  s t rong influence of t he  r e l i a b i l i t y  of t h e  de tec t ion  devices and valves on 
the  o v e r a l l  system rel iabi l i ty .  

Meteoroid puncture o f  t h e  r a d i a t o r  

v. RELIQVEFIER COMPOIIENT DESIGN STUDIES 

A. Cycle Se lec t ion  

It i s  not possible  t o  make a proper r e l i q u e f i e r  cycle se l ec t ion  with- 
out quant i ta t ive  analyses of such f ac to r s  as  r a d i a t o r  meteoroid damage. Such 
analyses a r e  beyond t h e  scope of the s tud ie s  reported herein.  
d i ca t ing  the severa l  appl icable  classtits of cycles  and analyzing cycles  within these 
c lasses ,  no se l ec t ion  i s  attempted. As  a consequence, t he  component s tud ie s  of 
t h i s  sec t ion  a re  f o r  t he  most pa r t  presented i n  such a fashion as  t o  make them 
broadly appl icable  t o  a l l  t he  cycles of i n t e r e s t .  I n  the  case of the compressor 
design s tudies ,  however, a s ing le  cycle was employed as  the  bas i s  of t he  design. 

Hence, beyond in-  

B. Rel iquef ie r  Power Source 

Inves t iga t ions  of nuclear power sources and t h e  combustion of hydro- 
gen as the sources of t h e  energy required t o  power the  r e l i q u e f i e r  compressors may 
be summarized as  follows. Nuclear power sources present ly  under development, such 
as  SNAP 2, r e s u l t  i n  a mass chargeable t o  t h e  rel4quefact ion system which i s  a 
small  f r a c t i o n  of t h e  mass of  hydrogen recovered by re l iquefac t ion .  Next genera- 
t i o n  nuclear power sources w i l l  r e s u l t  i n  an almost negl ig ib le  mass chargeable t o  
the re l iquefac t ion  system. By contrast ,  t he  combustion of hydrogen with oxygen 
requi res  approximately 10 pounds o f  mixture per pound of hydrogen r e l ique f i ed .  
Hence, t h i s  approach would make sense only i f  t he re  were a requirement f o r  t h e  by- 
product water which is  formed. 

1. Nuclear Power Sources 

From the  preceding cycle  analyses, it i s  seen t n a t  oI" the  order of 
10,000 Btu of compressor power must be supplied f o r  each pound of hydrogen re l ique-  
f i e d .  
Table IV. 
tems ranging from those cur ren t ly  under development t o  those i n  preliminary study 
phases a r e  presented. 

Data f o r  t h e  evaluat ion of nuclear e l e c t r i c a l  power sources a r e  included i n  
The e l e c t r i c a l  power, system mass, and system design l i f e  f o r  nine sys- 

These data  were taken from Reference 3 .  The e l e c t r i c a l  energy per 
u n i t  system mass computed f r o m t h e  o the r  da ta  of Table IV a r e  presented i n  t h e  las t  
column. For the SNAP 2 system cur ren t ly  under development, e l e c t r i c a l  power equiv- 
a l e n t  t o  69,200 Btu i s  supplied per l b  of system mass. 
10,000 Btu/lb of hydrogen requirement ind ica tes  t h a t  0.14 l b  of t he  SNAP 2 system 
i s  required t o  recover one pound of hydrogen b o i l  o f f .  
advanced systems, t h i s  value becomes much smaller.  For t h e  START system, 0.00557 
lb i s  chargeable t o  t h e  recovery of one pound of hydrogen b o i l  o f f .  This can, by 

Comparing t h i s  with the  

I n  the  cases of the  more 
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multiplying by the  system l i f e  of  8755 hrs  (one year ) ,  be converted t o  t h e  cont r i -  
bution of t h i s  power source t o  the  s p e c i f i c  mass of t h e  r e l ique f i e r .  The r e s u l t  
i s  49 l b s / ( lb /h r )  which i s  almost negl ig ib le  compared t o  t h e  t o t a l  r e l i q u e f i e r  
spec i f i c  mass est imate  of  1000 lbs/klb/hr) employed i n  the  preceding appl ica t ion  
s tudies .  It i s  concluded, therefore ,  t h a t  t h e  use of nuclear power sources con- 
s t i t u t e s  a f eas ib l e  approach t o  dr iving the  r e l i q u e f i e r  compressors. 

TABLE: IV 

System 

SNAP 1OA 

SNAP 2 

SNAP 8 

SNAP 8* 

STAR-R 

START 

SPUR 

T/I REACTOR 

DCR-300 

E l e c t r i c a l  
Power 
0 

0.5 

2 

30 

60 

70 

60 

300 

300 

300 

Mass 
( lbs) 

525 

863 

1700 

2700 

1400 

1000 

2800 

I200 

1900 

Time 

1yr 

1 Y r  

10,000 h r  

10,000 hr 

1yr 

1 Y r  

10,000 hr 

1 Y r  

1 Y r  

E l e c t r i c a l  Energy 
per  Unit System Mass 

(Btu/lb) 
4 

4 
4 

4 

4 

4 

4 

4 

4 

2.85 x io 

6.92 x io 

60.2 x io 

75.8 x 10 

149.5 x 10 

179.4 x 10 

365.6 x. 10 

747.7 .x 10 

472.2 x 10 

* High temperature system 

2. Hydrogen-Oxygen Reaction 

The combustion of hydrogen t o  supply the energy input f o r  a heat  
engine could conceivably supply the r e l i q u e f i e r  compressor power input.  However, 
t h i s  i s  a t o t a l l y  impract ical  approach unless there  i s  a requirement f o r  t he  by- 
product water which is  produced. Assuming lunar  night  operation, a maximum workin6 
f l u i d  temperature of 2500°R, a sink temperature of 500°R, and a 20 percent engine 
e f f i c i ency  (compared t o  a thermodynamically r eve r s ib l e  cyc le) ,  16 percent of t he  
hea t  of combustion of approximately 60,000 Btu/lb could be converted t o  9,600 Btu/ 
l b  of  hydrogen a s  mechanical energy. For each 2.016 l b  of hydrogen burned, 16.0 
lbs of oxygen a r e  required.  Hence, 1,070 Btu of mechanical work i s  developed per 
pound of f u e l  mixture. Note, however, approximately 10,000 Btu of mechanical 
energy a r e  required t o  re l iquefy  one pound of hydrogen. Clearly,  t h i s  i s  a los ing  
propos i t ion  unless t he re  i s  a requirement f o r  t h e  water which i s  produced. 

UNCLASSIFIED - 15 - 
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C. Radiator 

1. Equivalent Thermal Environment 

A r a d i a t o r  located on the  moon w i l l  r a d i a t e  t o  and be i r r ad ia t ed  
by deep space and the  lunar  surface. 
some degree be affected by the presence of t h e  r ad ia to r .  These in t e rac t ions  a r e  
considered herein i n  determining a simpler ye t  e n t i r e l y  equivalent r a d i a t o r  thermal 
environment f o r  a hor izonta l  rad ia tor .  The equivalent thermal environment consis& 
of a surface of uniform temperature which completely surrounds t h e  r ad ia to r .  (This 
surface i s  he rea f t e r  r fe r red  t o  as  t he  heat  s ink  or simply as  t he  s ink.)  
equivalent r;.d ': t-yon emironment is quan t i t a t ive ly  described by the  equivalent sink 
temperature and the  eq J v a l e n t  
s i l k .  It i s  possible  t o  der ive values of these  two quan t i t i e s  such t h a t ,  i r respec-  
t i v e  of the  r ad ia to r  teriperature (provided only t h a t  it i s  the  same i n  both cases) ,  
t h e  r ad ia to r  w i l l  exchange the same amount of heat  with t h e  equivalent environment 
as  with the  a c t u a l  environment. 

The temperature of t h e  lunar  sur face  w i l l  t o  

This 

e t  rc d ia t ion  conductance from t h e  r a d i a t o r  t o  t h e  

Knowledge of t h e  equivalent s ink  temperature provides a d i r e c t  in- 
s i g h t  i n t o  t h e  se l ec t ion  of rel$quefi- .r  cycle operat ing conditions i n  t h a t  the  
f l u i d  temperature a t  t h e  e x i t  o f  the r a d i a t o r  must be g rea t e r  than t h e  equivalent 
s ink  temperature. This equivalent environment approach a l so  r e s u l t s  i n  a con- 
s iderable  s impl i f ica t ion  of rad ia tor  area computations. (However, perhaps the  most 
important implications a re  those associated with r a d i a t o r  t e s t ing . )  

The f irst  s t e p  i n  t he  ana lys i s  i s  the  determination of t he  heat  
t r a n s f e r  c h a r a c t e r i s t i c s  of t he  lunar c r u s t  from measurements of lunar  surface tem- 
peratures .  Shor t ly  a f t e r  t he  lunar sunset,  t h e  lunar  surface temperature approache 
a value of approximately 2 1 6 " ~  (Reference 1) which p e r s i s t s  through the  remainder 
of t h e  lunar  night .  The generally accepted explanation f o r  t h i s  i s  as  follows: 
A t  a s u f f i c i e n t  depth below t h e  lunar surface,  t he  e f f e c t s  of va r i a t ions  of surface 
heat  t r a n s f e r  cond-:t'ons d u r i  g t e complete lunar  day a r e  damped out and the sub- 
s t r a t e  temperature becomes constant. This constant subs t r a t e  temperature has been 
infer red  from si r face  temperature measurements t o  be approximately 420'R. 
s teady  state neat  t m n s f e r  from t i , ,  lunar- S L  d a c e  to deep space $3- i-adiatioz is  
supplied by and equal t o  the  quasi-steady heat  t r a n s f e r  from t h e  constant tempera- 
t u r e  subs t r a t e  t o  the  lunar  surface. The former heat t r a n s f e r  r a t e  i s  calculated 
from the  lunar  surface temperature, t he  temperature of deep space, and t h e  emis- 
s i v i t y  of t he  lunar  surface.  The heat  t r a n s f e r  conductance f o r  t h e  l a t t e r  i s  then 
ca l c - i l a t  . aLr. min thc a t  t r a n s f e r  i n  the  lunar  c r u s t  i s  preponderantly by gray 

ocy r a d _ ' . . t ' o  . .un; r rf -ce emissivi ty  of 1.0 i s  employed. This r e s u l t s  i n  a 
very s l i g h t  conservatism i n  the  ove ra l l  r ad ia to r  analysis .  
t u r e  of 2O"R i s  used. However, the r e s u l t s  of t he  ana lys i s  a r e  v i r t u a l l y  indepen- 
dent of  t h i s  assumption. (This temperature ra ised t o  t he  four th  power i s  e n t i r e l y  
neg l ig ib l e  compared t o  the lunar  surface temperature ra i sed  t o  the  fou r th  power.) 

Quasi- 

A deep space tempera- 

For a un i t  lunar sur face  area,  t he  r e s u l t i n g  lunar  c r u s t  r ad ia t ion  
conductance i s  0.0752. This number i s  dimensionless inasmuch as  the  d e t a i l s  of t he  
ana lys i s  a r e  carrieii  <!:it using the gray body r ad ia t ion  network method of Oppenheim 
(Reference 4 ) .  (With t h i s  method, t he  p o t e n t i a l  f o r  rad ian t  heat  t r a n s f e r  i s  taken 
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t o  be the  product of t he  temperature ra i sed  t o  the  fou r th  power and t h e  Stefan- 
Boltzmann constant.  ) 
analys is  i s  shown i n  Figure 23-A. 

The Oppenheim rad ia t ion  network f o r  t h i s  por t ion  of t h e  

The ana lys i s  of the hor izonta l  r a d i a t o r  now plgoceeds as  follows. 
Radiant heat  t r a n s f e r  from t h e  lunar subs t r a t e  through the  lunar  c r u s t  t o  t he  lower 
surface of t he  r ad ia to r  or t o  t h e  lower surface of  one or more r ad ia t ion  sh ie lds  
placed 1 ~ ~ d e r  t h e  r a d i a t . ~  is rnnsidered. This r ad ian t  heat  t r a n s f e r  i s  assumed t o  
be one-dimensional. An emissivi ty  of 0.05 ( t y p i c a l  of c lean aluminum) is employed 
f o r  t he  lower surface of t he  r ad ia to r  and f o r  t he  aluminized Mylar r ad ia t ion  
sh ie lds .  J A  sketch of a r ad ia to r  design concept i s  presented i n  Figure 26).  
upper surface of t he  r a d i a t o r  i s  assumed t o  be coated i n  such a manner t h a t  an 
emiss iv i ty  of 0.9 i s  obtained. 

The 

The Oppenheim type network employed i n  analyzing t h i s  case i s  
shown i n  Figure 25-B f o r  (n )  rad ia t ion  sh ie lds  where (n )  may be zero or a pos i t i ve  
in teger .  Combining a l l  the rad ia t ion  res i s tances  i n  s e r i e s  between the node T 
represent ing the  lunar  subs t r a t e  and the  node TR represent ing an element of t he  
r a d i a t o r  surface i n  Figure 25-B y ie lds  t h e  simpler network of Figure 25-C. The 
ana lys i s  up through Figure 25-C may be accomplished by the method of Oppenheim or 
any of severa l  e n t i r e l y  equivalent techniques described i n  standard heat t r a n s f e r  
t e x t s .  

ss 

However, t he  s tep  from Figure 23-C t o  Figure 23-D i s  not  covered 
i n  these  sources and hence i s  described i n  some d e t a i l  here.  The values of t h e  
equivalent  r ad ia t ion  conductance ( G )  and equivalent s ink  temperature ( Te) of Figure 
25-D a r e  chosen such t h a t ,  i n  combination with the r ad ia to r  temperature (%), t h e  
same r a d i a t o r  heat t r a n s f e r  r a t e  i s  predicted as  with the  r ad ia t ion  conductances 
and temperatures of Figure 25-C. Now, equating the  r a d i a t o r  heat  t r a n s f e r  r a t e s  
y i e l d s  one equation i n  two unknowns: 
temperature, There are ,  of course, any number of combinations of these  two un- 
knowns which w i l l  s a t i s f y  t h i s  equation. However, t he re  i s  only one combination 
which i s  independent of t h e  rad ia tor  temperature, na.mely, 

The equivalent conductance and t h e  equivalent 

G = G + Grss roo 
4 4 

4 - r- 00 + Grss Tss 
Te - G 

This combination has t h e  g rea t e s t  u t i l i t y  and hence i s  employed i n  the  computations 
reported herein.  
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Values of t h e  equivalent r ad ia t ion  conductance and t h e  equivalent 
s ink  temperature a r e  p lo t ted  i n  Figures 27 and 28, respect ively,  as funct ions of 
t he  number of r ad ia t ion  sh ie lds  employed under the  rad ia tor .  
ductance i s  l i t t l e  affected by the  number of r ad ia t ion  sh ie lds .  It drops only fron 
0.930 i n  t he  case of no sh ie lds  t o  0.904 i n  the case of f i v e  sh ie lds .  ( A s  t h e  
number of sh i e lds  i s  increased it asymptotically approaches the  0.900 value of t h e  
r ad ia to r  t o  deep space conductance ( G r ) ) .  This i s  a consequence of t h e  f a c t  t h a t  
STEG ulth EZ r ~ d i a t i e ~  shield:  the  r a d i a t o r  t o  lunar  subs t r a t e  conductance (Grss 
i s  small compared t o  the r ad ia to r  t o  deep space conductance ( G r ) .  
t he  equivalent s ink  temperature i s  s i g n i f i c a n t l y  affected by the  number of r ad ia to r  
sh i e lds  employed. This temperature drops from 1 7 8 " ~  i n  the case of no r ad ia t ion  
sh ie ld  t o  1 l l " R  i n  t he  case of f ive  sh ie lds .  The reason for t h i s  i s  as  follows. 
The deep space temperature (T,) i s  so much smaller than the  lunar  subs t r a t e  tem- 
perature  (T 

$ S  negl ig ib le  i n  s p i t e  of t h e  f a c t  t h a t  t he  conductance i n  t h i s  term i s  many times 
t h a t  i n  the  second term. 
t h e  equivalent s ink  temperature i s  v i r t u a l l y  independent of the deep space tempera- 
t u r e  and almost d i r e c t l y  proport ional  t o  t h e  lunar  subs t r a t e  temperature. 

The equivalent con- 

I 
By cont ras t ,  

) t h a t  the f i r s t  term i n  t h e  numerator i n  the  above equation i s  

This also leads t o  the  somewhat paradoxical r e s u l t  t h a t  

I n  t h e  cycle analyses reported herein,  a r a d i a t o r  e x i t  f l u i d  tem- 
perature  of 2OO"R i s  employed. 
low a r e  poss ib le  s ince  even i n  the absence of r ad ia t ion  sh ie lds  the  equivalent sink 
temperature i s  only 178"R. Use of r a d i a t i o n  sh ie lds  w i l l  of course reduce the  sink 
temperature and thereby provide a g rea t e r  p o t e n t i a l  f o r  rad ian t  heat  t r a n s f e r .  

From the  r e s u l t s  of Figure 28, temperatures t h i s  

Only the  horizontal  r ad ia to r  i s  analyzed herein.  However, it ap- 
pears  t h a t  a v e r t i c a l  r ad ia to r  may have considerable m e r i t .  Considering both sur-  
faces  of both types of rad ia tors ,  they both have the  same rad ia t ion  view f a c t o r  
wi th  respect  t o  deep space and with respec t  t o  t h e  lunar  surface.  However, t he  
ho r i zon ta l  r a d i a t o r  completely sh ie lds  from deep space the port ion of t h e  lunar  sur 
f ace  which it views, whereas t h e  v e r t i c a l  r a d i a t o r  only p a r t i a l l y  sh i e lds  t h e  lunar 
surface.  Consequently, the v e r t i c a l  r ad ia to r  on t h e  average views a cooler  lunar  
sur face  and hence is  able  t o  rad ia te  a g rea t e r  amount of energy for otherwise iden- 
b i C S 1  desi;;-, c z n d i t i o n s ,  For a lunar equa to r i a l  s i t e  a v e r t i c a l  r a d i a t o r  may a l s o  
be super ior  from the  standpoint of meteoroid damage. Reference 2 ind ica tes  t he  
majori ty  of meteoroids t r a v e l  i n  paths near t he  e c l i p t i c  plane. 
ax i s  i s  on t h e  average normal t o  the  e c l i p t i c  plane, a v e r t i c a l  r a d i a t o r  a t  an 
equa to r i a l  s i t e  would provide the minimum projected area i n  the  d i r e c t i o n  of 
greatest meteoroid incidence. 

L O  

Since the  lunar  

2 -  Surface Area 

A s  a f l u i d  is cooled i n  passing through a r ad ia to r ,  t h e  reduction 
i n  f l u i d  temperature r e s u l t s  i n  a reduction i n  the  rad ian t  heat t r a n s f e r  r a t e  per  
u n i t  surface area.  This e f f e c t  is considered i n  a general  ana lys i s  of r a d i a t o r  
a r ea  requirements presented i n  Appendix D. This analysis  i s  used here  t o  s i z e  a 
t y p i c a l  t o t a l  r a d i a t o r  package, t h a t  is ,  a l l  t h e  r ad ia to r s  employed i n  a rel ique-  
f i ep  cycle .  
27, the  equivalent s ink  temperature and equivalent r ad ia t ion  conduction a re  l23'R 
and 0.907, respec t ive ly .  From the cycle  ana lys i s  s tud ies ,  of t h e  order  of 10,000 
Btu/hr must be d iss ipa ted  by the r ad ia to r s  for a 1 lb/hr hydrogen re l iquefac t ion  
r a t e  and t h e  t y p i c a l  r ad ia to r  i n l e t  and e x i t  temperatures a re  340"R and 200°R, re- 

Three r ad ia t ion  shields  a r e  considered and hence, from Figures 28 and 

s p c  t i v e  ly .  
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One o ther  piece of da ta  i s  required i n  order  t o  apply t h e  analysis  
of Appendix D, namely, t h e  surface hea t  t ransfer  effect iveness .  This i s  defined 
as  the  a c t u a l  l o c a l  rad ian t  heat  t r a n s f e r  r a t e  divided by the  rad ian t  heat t r ans fe r  
r a t e  t h a t  would p reva i l  i f  the  l o c a l  r a d i a t o r  f i n  surface temperatures were equal 
t o  the  l o c a l  f l u i d  (hydrogen) temperature. 
fect iveness  includes the e f f e c t s  of t he  temperature d i f fe rences  associated with 
both t h e  convection within the  f l u i d  passage and the  conduction from the  w a l l s  of 
t he  f l u i d  passage t o  the  r ad ia t io i i  s ~ ~ f a z z ; ; .  The t e r ?  ' lc i -?rfar~ heat. t r a n s f e r  e f -  
fect iveness"  i s  used herein s ince  only the  e f f e c t  of t h e  l a t t e r  is included i n  the  
usual  d e f i n i t i o n  of f i n  heat t r ans fe r  e f fec t iveness .  

A s  such, t h e  surface heat  t r a n s f e r  ef- 

I ronica l ly ,  i n  the r a d i a t o r  appl icat ions considered herein,  t h e  
temperature difference between the  hydrogen and the  tube wal l  is negl ig ib le  insofar  
as  t he  determination of r a d i a t o r  surface area requirements a r e  concerned and t h e  
surface heat t r a n s f e r  effect iveness  i s  e s s e n t i a l l y  equal t o  t h e  f i n  e f fec t iveness .  
(This i s  i n  p a r t  due t o  the  comparatively low rad ia to r  temperatures involved. 
These tend t o  make t h e  thermal res i s tance  t o  r ad ia t ion  la rge  and therefore  control-  
l i n g  a s  compared t o  the  convective thermal res i s tance  within t h e  tube.)  
dimensions which maximize t h e  heat t r a n s f e r  r a t e  per un i t  f i n  mass ( f o r  a constant  
f i n  width) a r e  presented i n  Reference 5 f o r  the  case of a constant  thickness  rec-  
tangular  f i n .  The r e s u l t s  a r e  somewhat dependent upon the  r a t i o  of f i n  base t e m -  
pera ture  t o  the  s ink  temperature. However, combination of these  r e s u l t s  with t h e  
more general  r e s u l t s  of Reference 5 revea ls  t h a t  designing f o r  a f i n  e f fec t iveness  
of 60 percent comes very close t o  maximizing the  heat t r a n s f e r  r a t e  per  un i t  f i n  
mass f o r  all conditions.  Accordingly, t h i s  value i s  used herein.  

The f i n  

Following the simple ca lcu la t ion  procedure out l ined i n  Appendix D 
a t o t a l  r ad ia to r  surface area of 1488 sq f t  i s  obtained. 
d i ca t e s  t h a t  f o r  an aluminum f i n  thickness of 0.010 in .  the  f i n  length should be 
9.0 i n .  t o  a t t a i n  a f i n  effect iveness  of 60 percent (The coolant tubes would be 
spaced 18 in .  on centers . )  

Analyses of the  f i n  in-  

The r e su l t i ng  t o t a l  f i n  mass i s  214 lbs. 

DO COMPRESSORS 

The preliminary design s tudy cf the  hydrcgen compressor system shown 
i n  Figure 29 was based on the  thermodynamic cycle shown i n  Figure 9. The purpose 
of  t h i s  design was t o  evolve a t y p i c a l  configurat ion t h a t  could be used t o  estab- 
l i s h  compressor system weights and t o  evaluate i t s  f e a s i b i l i t y  from a technica l  
and manufacturing viewpoint. The wefght of t h i s  assembly i s  estimated t o  be 200 
pounds. 

For t h i s  i n i t i a l  invest igat ion,  t h e  system design poin t  was assumed 
t o  be the pressure and temperature condi t ions ex i s t en t  i n  t h e  s torage system a t  the 
end of lunar  night ,  i.e., hydrogen gas i s  a t  i t s  lowest pressure.  Other c r i t e r i a  
used i n  t h e  design were as  follows: 
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a.  LJfe (one e a r t h  year - lunar night operation):  4383 hrs  

b. m p s :  Diaphragm type f o r  a contamination and leak  f r e e  system 

c.  Diaphragm materials:  17-7 PH s t a i n l e s s  s tee l  

d .  Diaphragm s t r e s s :  not t o  exceed 80 percent endurance l i m i t .  
FigLire 30 shows endurance l i m i t s  f o r  17-7 BH s t a i n l e s s  s t e e l .  

e .  Construction: Composite honeycomb where applicable.  Used f o r  
s t i f f n e s s  and low weight. 

The cycle shown i n  Figure 9 requires  th ree  compressors. The primary 
c i r c u i t ,  which processes 1.727 lbs  pe r  h r  of  hydrogen, has two compressors each 
with a pressure r a t i o  of 16.4. 
pressure r a t i o  compressor. Figure 31 i s  a schematic o f  t he  designed compressor 
system which shows the  f i rs t  and second s tages  of each of t he  above compressors, 
t h e i r  i n l e t  and e x i t  temperatures and pressures,  rad ia tors  where needed, operat ing 
speed, and the  number of compressor cylinders i n  each stage.  

The secondary r ec i r cu la t ing  c i r c u i t  has a 10.4 

The mechanical assembly shown i n  Figure 29 i s  an arrangement of t e n  
compressor cylinders ( s i x  low pressure and four  high pressure; those un i t s  t h a t  
have a discharge pressure of 1537.5 ps i a  a re  iden t i f i ed  as  high pressure u n i t s ) .  
The compressors a re  located around cam sha f t s  and they are  stacked i n  three  t iers  
on a cen t r a l ly  mounted base p l a t e .  An e l e c t l i c  motor mounted on the  other  s i d e  of 
t h i s  base p l a t e  dr ives  through reduction gearing a hydraulic pump and two d i f f e r -  
en t  speed cam sha f t s .  Also mounted on t h i s  s ide  of the  base p l a t e  i s  a 3-gallon 
hydraulic tank with space available f o r  an accumulator i f  necessary. The complete 
assembly i s  in s t a l l ed  within a double walled, sealed and insulated container whose 
top  closure incorporates a l l  of t h e  ex terna l  piping, e l e c t r i c  power, and con t ro l  
system connections. It is  assumed t h a t  the two container  sect ions would have 
t a i l o r e d  environments, e.g., low temperature-low pressure hydrogen gas i n  t h e  com- 
pressor  sect ion and higher pressure hydrogen f o r  convective cooling or heat ing of 
t he  motor-pump sec t ion .  

The low pressure compressors a re  actuated a t  a r a t e  of  300 times a 
minute--a l i f e  cycle of 7.9 x lo7 cycles .  
i s  based upon t h e  following relat ionships  presented i n  Reference 6. 

The diaphragm thickness and def lec t ion  

Diaphragm Deflection: 
z ,  . 
' 4  

wO = 0.802 -$E 
2 Diaphragm S t re s s  : 

E wo w = 0.616 - = 0.396 
2 

a 
Where 

a = Diaphragm radius ,  ins .  
q = Uniform pressure , -ps i  
E = Young's modulus, p s i  

h = Diaphragm th i c -ness ,  iris. 
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Parametric curves of the above re la t ionships  a r e  given i n  Figures 32 
and 33. 
t h i s  study i s  given i n  Figure 34. 

A p l o t  of t h e  volume displaced by diaphragms i n  the range of  i n t e r e s t  f o r  

Volumetric flow r a t e  based upon pe r fec t  gas laws, i n l e t  pressure,  and 
t h e  def lec t ion  volume of a spher ica l  s ec to r  e s t ab l i shes  a ~ e ~ a ~ i o n s b i p ! l ’ o ~ f ’ d i ? a p ~ ~ a g r  
diameter t o  thickness .  Table V summarizes the  pe r t inen t  da ta  used i n  t h e  compres- 
sor design. 

-- wnen L i l t :  d l a p h r a g ,  dzc tc : ~ l e t  nv-wire; r- -- - a t t a i n s  f u l l  def lec t ion ,  a 
ram pis ton  actuated by a cam controlled hydraulic cy l inder  s t a r t s  t he  compression 
s t roke.  Mechanical def lec t ion  of  the  diaphragm i s  used because of t h e  low tempera. 
t u r e  of t he  i n l e t  gas. The hydraulic p i s ton  i s  sized f o r  t he  maximum pressure-arez 
force  i n  the  compressor cyl inder .  

The high pressure compressors ( t h e  second s tages  o f  the  primary and 
secondary c i r c u i t  compressors) are  actuated 900 times a minute--a l i f e  cycle  of 

8 
2-37 x 10 cycles .  
termediate f l u i d  (acetone or toluene).  This concept is used because of t he  high 
intake and discharge pressures specif ied i n  t h i s  cycle and (by t h e  omission of a 
r a d i a t o r  between s tages)  permits the compressor t o  operate a t  an average tempera- 
t u r e  of about 400”R. 
intermediate f l u i d .  Hydraulic pressure r e l i e f  valves i n  t h e  discharge piping pre- 
vent over-deflection of t he  diaphragm by i n l e t  hydrogen pressure.  

The diaphragm i s  actuated and supported i n  t h e  un i t s  by an in-  

A membrane bellows separates  t he  hydraulic f l u i d  from t h e  

The e l e c t r i c  motor i s  an 11,000 rpm, 13 HP u n i t  t y p i c a l  of s p e c i a l  
designs ava i lab le  from seve ra l  e l e c t r i c  motor manufacturers. 
to-one planetary gear set, a typ ica l  hydraulic pump with a 3000 p s i  and 10 gpm 
ra t ed  capaci ty  i s  shown. The gear housing incorporates an i n t e g r a l  l ub r i ca t ion  
system. The opposite end of t h e  motor powers a reduction gear s e t  t h a t  d r ives  the  
300 and 900 rpm cam sha f t s .  

By means o f  a three-  

This preliminary design study shows t h a t  a hydrogen compressor system 
t h a t  uses membrane diaphragms i s  f eas ib l e  and t h a t  through the use of high s t rengt l  
mater ia l s  and e x i s t i n g  s ta te -of - the-ar t  f ab r i ca t ing  techniques, t he  component we 
weights l i s t e d  i n  Table v i  can be aciiieved. Elapk..ngm a r e  c k i l i z e d  at. the  presenl 
t i m e  i n  commercial and experimental l iqu id  and gaseous compressors, but  t h e i r  ap- 
p l i c a t i o n  i n  t h e  configurat ions presented should have fu r the r  analysis ,  design op- 
t imiza t ion ,  and s t r u c t u r a l  evaluation i n  order  t o  achieve the  l i f e ,  performance, 
and weight goals of t h i s  system. 

UNCLAS S I FI ED - 21 - 
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TABLE V I  

SUMMARY OF COMPONENT WEIGHTS OF THE COMPRESSOR SYSTEM 

&scr ip t  ion 

E l e c t r i c  motor 

Hydraulic pump 

Pump reduction gear u n i t  

Compressor cam reduction gear un t ( Inc l .  cams, shafts, e t c . )  

Main mounting p l a t e  and mounting r i n g  

Container 

Compressor mounting plates  and support tubes 

End p l a t e  (Cover) 

Piping, f i t t i n g s ,  and miscellaneous items 

Compressors : 

a.  Primary 1st comp.-1st stage,  2 a t  5.25 l b s  = 10.50 
b. Primary 1st comp.-2nd s tage,  1 a t  4.25 lbs = 4.25 
c. Primary 2nd comp.-1st stage,  1 a t  4.75 lbs = 4.75 
d .  Primary 2nd comp.-2nd stage,  1 a t  3.25 l b s  = 3.25 
e. Secondary comp.-1st s tage,  2 a t  4.75 lbs  = 9.50 
f .  Secondary comp.-2nd s tage,  3 a t  3.25 lbs = 9.75 

42.00 lbs 

DRY WEIGHT: 

Hydraulic f l u i d  - 3 gals  a t  approx. 7.35 lb /ga l  

SYSTEM WET WEIGHT: 

- 

30 
15 
12 

5 
7 

51 

5 
8 

5 

42 
178 lbs 

22 

200 ibs 
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V I .  CONCLUSION2 

The following conclusions a r e  based on t h e  s tud ies  reported herein: 

1. For s torage periods of t h e  order  of one e a r t h  year,  t h e  t o t a l  
mass which must be transported i n  order t o  supply a given quant i ty  of l i qu id  hydro- 
gen can br sLbs tac t i a l ly  reduced by t n e  use of hydrogen r e l i q u e f i e r s .  

3 .  Nuclear e l e c t r i c a l  power systems (SNAP systems) cons t i t u t e  feasi;  
b l e  power sources f o r  hydrogel- rc, . 5  qdef ie rs .  

4. T1,e hmb . t i o n  of hydrogen should not be employed a s  a r e l ique f i e r  
power source unless it caa be j u s t i f i e d  so l e ly  on the  bas i s  of need for the  water 
produced. 

5 .  Fina l  s e l ec t ion  of  a r e l i q u e f i e r  cycle  should r e f l e c t  de t a i l ed  cor 
s i d e r a t i o n  of compmcnt design requirements which a r e  beyond the  scope of t h e  s tud-  
i e s  reported herein.  I n  par t icu lar ,  tne meteroid pro tec t ion  requirements f o r  t h e  
r ad ia to r  should be invest igated i n  d e t a i l .  

V I 1  0 WCOMMENDATIONS 

Based on t h e  r e s u l t s  of t he  s tud ies  reported herein,  t h e  following 
recommendhtions a re  made: 

1. A complete detai led design of a f u l l  s ca l e  r e l i q u e f i e r  f o r  lunar  
appl ica t ions  should be prepared t o  f i rmly  e s t a b l i s h  the  f e a s i b i l i t y  of t he  re l ique-  
f i e r  concept and t o  form the  bas is  f o r  t he  next i t e m  below. 

6 

2 .  A r e l i q u e f i s r  development plan should be prepared considering suck 
i t e m s  a s  r e l i q u e f i e r  tes t  f a c i l i t i e s  and scheduling of key component subelement 
A^^ l s . P t S  < e .  Q., ceiQressor d iaphrag l  t e s t s  ) .  

3. Consideration should be given t o  extending r e l i q u e f i e r  invest iga-  
t i o n s  t o  

a .  Other propellants,  i n  p a r t i c u l a r  oxygen 

b. Deep space missions 

c .  The preparation a t  a lunar  or o r b i t a l  base of  s a r t i u l l y  
s o l i d i f i e d  p r o p ~ ~ l l a , t s  to  b 
spac. misLc ions. 

einployec, i n  subsequent deep 

- 24 - 
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HAMPSON CYCLE SCHEMATIC 

TOTAL COMPRESSOR POWER = 27,350 BTU/HR = 10.75 H.P. 

500.4 BTU/LB 
1508 PSIA 
200 R 

RAD I ATOR 4015 BTU/LB 
1575 PSIA 
1168'R 

SAT. LIQUID 

HYDROGEN 
TANK 
1 LB/IIR 

325-8 IINTH ACClFlFn - 27 - FIGURE 2 
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SCHEMATIC OF HAMPSON CYCLE WITH INTERCOOLING 
TOTAL COIIPiilfSSOI~ POUEH = 20,040 BTv/IIR = 7.88 H.P. 

1543 BTU/LB A 5 3 3  BTU/LB 

- 
W' 

COMPRESSOR 
4.05 M.P. t 

500.4 BTU/LI 
1508 PSIA 
200 R 

6 

55.4 BTU/LB 
llZ0 PSIA 7 
81 R 

fXPANS ION 
VALVE 

55.4 10 PgIA BTU/LB 8 T  

34.5 R 

525 BTU/LB 
\ - * 0 8 PSIA 

196OR 

EXCHANGER 

SAT. VAPOR 
80 BTU/LB 

I10 PgIA 
34.5 R 

w = 7.85 LBS/HR 

1 SAT. LItdUID 
-113 BTU/LB 

HY OROGEN 

1 LB/IIR 

FIGURE 4 -~ 325-10 UNCLASSIt ILD - 29 - 
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500.4 BTU/LR 

526 BTU/LB 1055 BTC/LB 538 BTU/LB 1051 BTU/L3 

196'R 
1503 PSIA 
200 R 

HEAT 
EX CHA IJG ER 

SAT. 7 A  PO R 
55.4 BTU/LB 

VALVE 
EXPANSioN + i 

53.4. BTU/LB 
10 PSI" 12 \ 1 W a 7.85 LDS/I!R 

34.5 R 

SAT. LIQVID 
-113 BTU/LB 

HY OROGEN 
TANK 

1 LB/HR 
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55.4 BTU/LB 
1lZC PSIA 
81 R 

525 B'W/LB 
8 P ~ I A  
136 li 

MEAT 
EXCHANGER 

SAT. V1Ll?oI? 
80 BTU/LB 
10 PSIA 
34.5'R 

SAP. LI'J,UIB r 
-113 BTU/LB 

HVDROGEN 
TANK 

1 LB/HR 
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SCHEMATIC OF DUAL P R E S U R E  CYCLE - ONE STAGE OF LOU PRESSURE 
LOOP INTERCOOLING INTEGRAL MITH INTERMEDIATE PRESSURE LOOP 

TOTAL POWER = 9160 BTU/HR n 3.60 H.P. 

1646 BTIT/LB 

6.64 LBS/HR 

500.4 BTU/LB 
1500 P S I A  
200'R 

4. 
80 
68 

70 BTU/LB 
150 P S I A  
5 6 . 8 O R  

10 P g I A  
34.5 R 

1.708 LBS/HR 

EXPAKS 1014 
VALVE 

BTU/l 
PSIA 

a 

-33 BTU/LB 

1.708 
LBS/HR 

EXPAhS ION 
VALVE 

-33 BTU/LB 
10 P S I A  9 

Y 
-113 BTU/LB 
10 P$IA 
34.5 R +b-- 1.00  LB/IIR 

-* 325-13 UNCLASS IFIED - 32 - FIGURE 7 
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, 1200 PSIA 
8 1 0 ~  
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1 
HEAT 
EXCHANGER 

\ I  I \  I \  

-SAT. VAPOR 

SCIIEFATIC OF DUAL I'IJE3SURE CYCLE 

ONE STAGE OF F R I P h R Y  LOOP INTEHCOOLIl~a 

'TOTAL P0;iER 121.50 BTU/IIX 
4.772 H.P. 

6 

COHPRE SSOR S 

3 
1_31.,? PSIA 
53aoR 
1763 BTU/LB 

1500 PSIA 
200011 
5CO.k BTU/'LB 

150 PSIA 
56.5OR . f W l  I 1.727 

-3O BTU/LB 8 . 7 2 7  I 
EXPANS I ON 
VALVE 

34.5OR 

10 X I A  
-113 BTU/LB 

HYDROGEN 

I 
1 J2 8-PSIA 9.597 LBS/IIR 

525 BTU/IB 

325-15 UNCLASS I F I  ED - 34 - FIGURE 9 

150 I'SIA 
56.5OR 
70 BTU/LB 

LBS/HB 
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SCHEMATIC OF WAL PRESSURE CYCLE W I T H  ONE STAGE OF PRIMARY UXlP IWI'ERCOOLIE 

TOTAL PO'?SER = 12,030 ETU/NR 
P 4.722 1I.P. 

9.597 LBS/AR 
r I 

500.4 BTU/LB 
1509 PSIA 
200 R 

5 2  BTU/LII 
1200 I'SIA 
8 l 0 H  

EXPAJS ION 
VALVE 

5 2  ~ T U / L B  
150 ISIA 8 
56.5'R 

-30 B T U h 9  

1 727 
EXPANS I ON LES/IIR 
VALVE 

-30 BTU/LB 

34;s O R  

10 P3IA 

525 BTU/LB ' 8 PSIA 
9 196'R 

SAT. VAPOR 
1 %LNGER 

70 DTU/LI3 
150 PIA 1 80 BTU/LB 

56.5 R 
10 PgIA 
34.5 R 

i1 = 1.727 LDS/HR 

1 

FIGURE 11 -~ 325-17 llr\lCl A C C  IFlFn - 36 - 
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SCHEMATIC OF DUAL PRESSURE CYCLE WITH ONE STAGE OF PRIMARY LOOP INTEWOOLfNO 
COOLINQ BETSJEEN EXPANSIONS 

TOTAL COMPRESSOR POMER E 11,460 BTU/IIR m 4.50 H.P. 

1546 BTU/LBS 531 BTU/LBS 

-. - * .*a. 
M Y I n u u n  

COWAESSORS 

1429.2 BTU/LBB 
1537.5 PSIA . ' 429OR / 

518.2 BTU/LB cwaatson .. a 
A - .  IA -65 4 168 PSIA 

RADIATOR 

196'R 

8.950 LB/HR 
!I 

52s BTU/LB 
L 

c 0 3  8 PSII  
196'R 

1500 PSIA 
200'R 

0 180 BTU/LB 

1.337 LB/HR 

SAT. LIQUID 

10 P8IA 
34.5 R 

325-18 UNCLASS IFIED - 37 - F'IGUW 12 
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SCHEMATIC OF DUAL PRESSURE CYCLE 'IJITII ONE STAGE OF IMTERCOOLINo AND INTMRAL 

HIGH TEMPERATURE REFRIGERATION LOOP WITH EXPANDER 

TOTAL COMPRESSOii PO'dER s 6100 BTU/HR = 2.40 1I.P. 

1546 VTU/LB 531 BTU/LB 
i53g.5 r3I 147.5 PSIA 
464 R / 200'R 1990 BTO/LB 

590 R 
1 L850PSIA 

RADIATOR 6 5 RAD I ATOR 
"- . I i  I 

I I i Y 

1 
w - 1  1.25 H.P. 

OMP ESSORS 
1758 8 T U ) h  
153a.5 PSIA 

521 BTU/LB 500.4 522 R 
RTU/LB RAD I ATOR 
1500 7 0 
PSIA 
200'R 

14 1398 PSIA 
65 91960R 

0.58 LB/I~R 
r 

I 

201 BTU/LB 
1492 PSIA 8 
121 R 

280.4 JTU/LB 
100 PSIA 
117'R 

r 
I 
L 

-9 BTU/LB 
700 PSIA g 
64.5'R 

-9 BTU/LB 

EXPANS ION 
VALVE ' 

10 PSIA 10 
34 5u_R 

-113 BTU/LB 
SAT. LIQUID 

10 PSIA 
34.5OR 

- 
/ 

H U T  
I \  ' EXCHANGCR 

. 
290 BTU/LB 

" I  9 PSIA 
117'R 

7 

3 525 BTU/LB 
8 PSIA 
196'R 

71 HEAT 
CXMANUER 

1 
SAT. VAPOR 

10 PSIA 
3 4 . 5 O R  

0 180 BTU/LB 

I i 2.17 LB/HR 
1 

J 

11-3 
V / 

t 
)IYDROGEH 

- 39 - FIGURE 14 325-20 UNCLASS IF1 ED 
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I \  I \  REAT EXCBANOER 

U P A N D E R  
172 BTU/LB 

4' Y 6518 9 P I A  12 

DUAL PRESSURE CYCLE WIT!: Ot!E STAGE OF IMTEIlCOOLING PER LOOP - SlWAlIATE 
IIIGIl TEMPERATUHX IIEFRIC;EilA'IIOII MOP '.$IT€[ EXPANDER 

TOTAL C0FPIP:IESSOR POJZR 2 4025 DTU/IIR = 1.58 1I.P. 

ZOOOR 

. LB/H1? , 39 BTU/LB v 
172 B T U / ~ B  C 8 598 PSIA 
10oPSIA 74"R 

+, 70 R 

-53 BTU/LB 

* '  

' ' 7 O  * 

llXAT EXCAAIVGW 

SAT. VAPOR 
8o B'I'ijjiB 

325-22 UNCLASSIFIED - 41 - FIGURE 16 

BXPAHBIOR VALVE 

10 PSIA Cy U 
NOTE: RO'PATINCI MACHINERY 34 5OR 

EFFICIENCY 3 65% 

* XXDROOEN 

i 3. % E R  
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. 
HEAT 
EXCHAWQER 

+ 

SCHEMATIC OF 
CLAUDE MEYLd;:!)T CYCLE - OI'IE STAGE O F  INTEHCOOLINO 

TOTAL PO'JER = 4690 BTU/HR = 1.84-11.P. 

+ 

I \  11 

'170'R 

COMPRtSSOR 
.75 11.P. 

8 
200° 
1500 PSIA 
500.4 BTU/LB 

1 9 6 O R  
4 8 PSIA 1 525 BTU/LB 

HEAT 
tXCHANGER 

76OR 
1050 PSIA 
36 BTU/LB 

180 PSIA 
-65.4 BTU/LB 80 BTU/LB 

EXPANS ION 

1.325 LBS/HR 

34 5'R 

-65.4 BTU/LB 

3495'R , 

10 PSIA 
-113 BTU/LB 

.P. 

3; - 43 - FIGURE 18 
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M O l A T O l l  1513 BTU/L 

4 
7 

8 

534 BTU/LB RADIATOR 

1 5 
6 

SCIJEi.iATIC OF 
CLAUDE HEYLAIIDT. CYCLE - 0:Id j f',"bCX 1;~TERCOOLIITG 

COMPRESSOR 

-748 H*Pe + 
2.05 LBS/HR I 

135 5OR 
718 PSIA 
288 BTU/LB 

HUT 
EXCHANGER 

200°R 
720 PSIA 
515 BTU/LB 525 BTU/LB 

27 PSIA 1 1  

10 PSIA 12 

FIGURE 20 325-26 UNCLASSIFIED - 45 - 
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1 3;s PSIA 534 bTU/LB 

WWER = 5929 BTU/BIf - 2.34 H.P. 
944 BTU/LB 
- -- 527 BTU/LB 

300 PSIA 312"R i60 PSIA 
ZOOOR [RAD 'ATOR - . 1 - -. E O ' R  

I 7 

wo 'kTOH w 
c 
c 

IlChT 
EXCIU~IICER 

445.4 BTU/LB 
1498 PSIA 1 ;  
186'R 

t l W T  
LKClI/Ii.JCEG 

165 BTV/LB 
298 PSIA 

tICPT II] 85 R 

EX Cl'hl iCER 

-103 BTU/LB 
23 Pan 1 
jyoE 

HEAT [ 
-106 BTU/LB 

EA CI :I- &E \ 

19 PSIA 1 '  
38'R 

L '(YAIIS 1011 

2.58 LB/HR 

I 5 -  ---A 5 
525 BTO/ LB 

196 R 
8 P ~ I A  

----&--d?O BTU/LB 

Y 
EXI'r 

a 0 0 2  H. Pa 
3 191.4 BTU/LB 3 .0166 L B n H  

FIGURE 21 3; - 46 - 
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527 BTU/LB 994 BTU/LB 534 BTU/LB _ _  
100 P3IA 

j 200'R 

-1 
7 

i I  f - -  .... 
LURrnrawn 

I \ / .560 11.p. RAOIATUR 

1154 BTU/LB 
1523 PSIA 
361 R 

EY PF '!OW 'I I /T5\ .011 i : . i .  
llEQT 
EX CtiA iJG E R 

I 

' 4 0  P S I A  
95 R 

8 .  
t I EAT 
EXCtiA iJGER 

325-29 UNCLASSIFIED - 48 - FIGURE 23 
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HYDROGEN - NEON CASCADE CYCLE SCHEMATIC 

RADIATOR 

T 
t NEON 

LOOP 
COMPRESSOR 0 

HEAT 
EXCHANGER 

EXPANS I ON 
VALVE ! H%P.QGEN LOOP 

HYDROGEN 
TANK 

325-30 UNCLASS I k I t D  - 49 - FIGURF: 24 
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RADIATION ANALYSIS NETWORKS 
HORIZONTAL 

T, =20°R 

Ts-216"R Q 

FIGURE 2 fA 

4, - p TR 
I 

CRss 

Tss = 420'R 

39h +33.3 

FIGURE z f C  

RAD1 AT0 R 

G s n s  =0.0256 $ 

Ts s 

FIGURE 2 ' b 

G 

= 0.0752 

fe 
qR- 

TR 

FIGURE ZJ'D 

325-2 UNL'LASS~~)ED - 50 - FIGURE 25 



UNCLASS I FI ED RtK) l l f  6033 

I\ I 

325-31 Up 

I 

i 

. 

CLASS I F l  ED - 31 - FIGURE 26 



/z?%tp&ld 
VAN NUIS, CALIFORNIA 

325-4 UNCLASSIFIED - 52 - FIGURE 27 



Maet 
VAN NUYS, CALlfOWlA 6033 UNCI A S S  I FI  FD 

325-6 UNCLASSIFIED - 53 - FIGURE 28 



: I  I 

a 

/ 
/ 

/ 

1 14 U-NCLASS Iff ED I5 I 



I 
I 



\ 

\ 

. 



- -  



.. . 

n L C L 



I 

I 

I---- f 



--\ . \b--qy 
I ; ’  

\\\\‘,’ ,\\\\\\ ~ ~ 

‘wmrrl) 

T 



%ty"t?mY 
VAN NUYS. CALICOINIA :nron 6033 

125-32 UNCLASSI t I t D  - 55 - FIGURE 30 



UNCLASSIFIED 
M * e f  

VAN NUTS, CALIFORNIA R t K H t  6033 

1 

325-33 UNCLASSIFIED - 56 - FIGURE 31 



8 
U 

Y 

VAN NWS, CALlFOWlA 6033 UNCLASS I FI  ED 

325-34 UNCLASSIFIED - 57 - FIGURE 32 



- 38 - FIGURE 33 525-35 UNCLASSIFIED 



D I A P H HA G M VOLUME D I 5 PLACE M EN T 

FIGURE: 34 325-36 UNCLASSIFIED - 59 - 



ron 6033 
%- 

UNCLASSIFIED VAN NUII. CMIKmIA 

APPENDIX A 

THEFNODYNMC DATA FOR HYDROGEN 

Hydrogen thermodynamic data  from References 7, 8, and 9 a re  employed 
i n  the s tudies  reported herein. References 7 and 8 a re  f o r  parahydrogen, whereas 
Reference 9 i s  f o r  20.4"K (36.7"R) equil'brium hydrogen (99.79 percent parahydro- 
,yell aiid ".2' - p L . L b . C I A V  ---=+ n*+hnbyGrcge VA-V ) -  However, t . 7 i f f t . r -  c e s  b:twoen t h e  t h e r m -  
dyna ' c  ro  ,;rt.' c of t d:e two types ' hy- ro  en r. very small, and they L.re 
,ntire-'-; r eg  . ig i '  - C  f o r  the studies reported herein.  
of Reference g), t he  maximum difference between t h e  enthalpies  of parahydrogen and 
orthohydrogen i s  303 Btu/lb and occurs f o r  temperatures less than 9O"R. Multiply- 
ing t h i s  enthalpy difference by the 0.21 percent mass f r ac t ion  of orthohydrogen i n  
20.4'K equilibrium hydrogen yields  a maximum enthalpy difference between parahydro- 
gen and 20.4"K equilibrium hydrogen of 0.6 Btu/lb. (An e r r o r  of 0.6 Btu/lb i n  t h e  
enthalpy of hydrogen resul-ts i? a maximum temperature e r r o r  of approximately 0.2'R. 
The aut'lors of Reference j ts t imati  tr.e accuracy of t h e i r  enthalpy data  t o  be 1 
Btu/lb. 

For example (from Figure 2 

Changes i n  t h e  equilibrium ortho-para composition of t h e  hydrogen as 
it c i r cu la t e s  through a c!,cle of a r - l i q u e f i e r  a r e  not considered i n  t h e  s tud ies  
reportec herein.  The use oA' a ca ta lys t  t o  speed up t h e  conversion r a t e s  between 
t h e  para and orthc, ..'or* .s o-: hyt ra-,L' cur IC< co-xeivably r e s u l t  i n  s u b s t a n t i a l  bene- 
,.its '.n r e l i q k e f i e r  performance. However, t h i s  use i s  not considered herein.  I n  
the  absence of a ca t a lys t ,  t he  time required f o r  an element of hydrogen t o  make one 
c i r c u i t  of t h e  r e l i q u e f i e r  i s  in su f f i c i en t  f o r  any s igni f icant  approach t o  e q u i l i -  
brium composition t o  take place.  The order  of magnitude of t h i s  time i s  one second 
wt'ereas a matter of hours i s  required f o r  equilibrium t o  be approached. 
importance 1 I . iu:,tifyi- , t . c .  -uglect c f  eompos'tion changes i s  the  f a c t  t h a t  a t  an) 

st:> - a t  Ll 1.11 L)ortic;l of t h e  t o t u l  hydrogen i n  the storage system i s  i r  
t he  reliquefZer.  Over long periods of ti.ne, t he  composition w i l l  approach a value 
corresponding t o  equilibrium a t  a time averaged hydrogen temperature. Under these  
conditions,  the  t i m e  averaged temperature i s  e s s e n t i a l l y  equal t o  t h e  s torage tank  
tezperatlcre zr?d EO si gnif icant  composition change occurs. 

O f  equal 

I n  t h e  case of the storage tank thermal t r ans i en t s ,  t he re  i s  suf f ic ien  
t i m e  f o r  equilibrium t o  be approached. However, t h e  changes i n  equilibrium composi 
t i o n  a re  not s j g n i f i c .  i t .  

T i ~ t. . l , .y  I atum of Referencc 7 i s  employed. A correct ion of 164 
Btu, 'lb i s  subtracted from the  enthalpies of Reference 8 t o  render them cons is ten t  
w i t k  those of Reference 7. The former enthalpies  a r e  f i rs t  converted t o  un i t s  of 
Btu/lb .by multiplying by t h e  following conversion fac tor :  

The enthalpy datum of Referencc 9 :y.z L.i!purently consis tent  with t h a t  of Reference 7 
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APPENDIX B 

ANALYSIS OF HYDROGEN RELIQUEFIER UTILIZATION 

B-I . SUMMARY 

This appendix describes a b r i e f  optimization study which was conducted 
t o  determine t h e  best u t i l i z a t i o n  o f  a hydrogen r e l i q u e f i e r  considering the  possi-  
I ; i l i t y  zf sarint.: nns i n  hydrogen tank in su la t ion  thickness and re l iquefac t ion  of 
only a por t ion  of the  hydrogen b o i l  o f f .  
mass of the re l iquefac t ion  system ( including the mass of the  power source charge- 
ab le  t o  t h i s  system) i n  lb / ( lb /hr )  of hydrogen l iquefied i s  less than the  time 
period of hydrogen s torage i n  hours, then t h e  use of a r e l i q u e f i e r  i s  advantageous 
and a l l  of t he  b o i l  o f f  should be re l iquef ied .  
i n su la t ion  thickness w i t h  a r e l ique f i e r  i s  less thau the  optimum value without a 
r e l i q u e f i e r .  
the  tank  construct ion.  

The r e s u l t s  ind ica te  t h a t  i I ^  iile spec i f ic  

Further,  t h e  optimum storage tank 

These r e s u l t s  a r e  independent of the  environmental conditions and 

B - I 1  

C 1  

c2 

9 3  

M i  

mb 
%* 
Mr 
mr 
Mt 

%in 

M 

M min-r 

e 
R 

NOMENCLATURE 

Transport tank mass per  u n i t  hydrogen mass, lb/lb 

Defined by Equation ( 6 ) ,  l b  /hr 

Tota l  var iab le  mass (Defined by Equation (1) ) , lbs 

Mass of hydrogen b o i l  o f f ,  lbs  

2 

Mass of tank insulat ion,  lbs 

Hydrogen b o i l  o f f  ra te ,  lbs/hr  

Hydrogen b o i l  off r a t e  i n  absence of r e l ique f i e r ,  lbs/hr 

Mass of hydrogen r e l ique f i e r ,  lbs 

Hydrogen re l iquefac t ion  ra te ,  YDS/~X 

Incremental mass of t ranspor t  tank required t o  ca r ry  an amount of 
hydrogen equal t o  the b o i l  o f f  l o s s ,  lbs 

Minimum t o t a l  var iable  mass without a r e l ique f i e r ,  lbs 

Minimum t o t a l  var iable  mass with a r e l ique f i e r ,  lbs 

Storage period, h r s  

Rel iquefier  spec i f ic  mass, lbs/( lb/hr) 

UNCLASSIFIED - 61 - 
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APPENDIX B (Continued) 

variable mss i s  set by a conotraint (m,, 2 0)  rather than a minimum In the 
mathemtical sense. 
mss with respect t o  the insulation mass must (as is done above) be accomplished 
after the minimization wii'n i Z e q a c t  t o  tke r=liqmfa_c+-inn ~ S B  flow rate. To do 
so before involves the implicit assumption tha t  the insulation m81, Mi, and 

the reliquefaction mass f lm rate, m are independent variables. They are 
independent only so long as the conotraint, nb 2 0, is not operative. 

It should be further noted that minimizing the to ta lvar lab le  

r ' 

To obtain a standard of comparison the minimum tu ta l  variable nmss i n  the 

absence of a reliquefier is obtained as follows. 
mss flow rate, %, equal t o  zero i n  equation (9) and minimizing the to ta l  
variable mss with respect t o  the insulation by means of the calculus - 

Setting the reliquefaction 

whence 
Mi = f2e ( 1  + C1))lp 

and 

for M = Mmin 

The mss of boil-off loss for  the conditione which minimize the t o t a l  variable 
mss l e  obtained by sett ing the reliquefaction mss flow rate, mr, i n  equation (5)  
equal t o  zero and combining t h e  resuit with  e q ~ a t i z n s  ( b ! ,  and. (17) - 

lTl for M = %in (19) 
Mb =r20 7" 

Conibinlng equations (2) and (19) yields the associated incremental transport 
tank mss 

Mt = (20) t" 
Dividing equation (15) by equation (18) provides a measure of the saving i n  
to ta l  variable mass associated with the uti l ization of a reliquefier - 
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B-111- ANALYSIS 

In the following analysis the total  mss of hydrogen and associated equipment 
which must be transported t o  the moon (or  any other destination) t o  supply a 

given mss or' hy6rogeii i6 ;;.inizizec! vi th  rescect t o t h e  following two variables: 
the mss of boil-off hydrogen vapor reliquefied and the mss of storage tank 
insulation employed. 
which i e  influenced by these two variables need be considered. 
i r  hereafter referred t o  as  the t o t a l  variable mas and l e  equal t o  the BU 6f 

the me8 of the boil-off hydrogen lost, the incremental mss of the transport 
tank required t o  carry a mss of hydrogen equal t o  the boil-off loss, the mse 
of the storage tank insulation, and the mss of the  hydrogen reliquefier 
(including a l l  mss chargeable t o  the reliquefier). 

In t h i s  minimization only that portion of the to t a l  me8 
!hie portion 

The incremental transport tank  mse is assumed t o  be directly proportional' t o  
the additional ~ L B B  of hydrogen which must be transported t o  the moon t o  
offset  the boil-off lossee. 

Subrtituting for  the incremental transport tank mss i n  equation (1) by mean8 
of equation (2 )  

~i = {i i c1)yb + Xi + Mr (3 )  

The mse of boil-off hydrogen lo s t  is equal t o  the boil-off ra te  times the 

duration of hydrogen storage. 
conditions exist  between the lunar night and the l u m r  day, a l l  mss flow rater 
and heat transfer rates should be considered t o  be time averaged values.) 

(Since substantial differences i n  environmental 

!he boil-off loss rate is equal t o  that which would exist  i n  the absence of 
a reliquefier less the  ra te  a t  which hydrogen is reliquefied. 
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In  the absence of a reliquefier the boll-off loss rate is proportional t o  the 
heat transfer rate t o  the hydrogen. 
t o  th i s  heat transfer is t h a t  associated with the tank insulation. As a resul t  
the heat transfer rate  and the boil-off lose rate are very nearly invereely 
proportional t o  the thickness an; therefore the =SI? nf the insulation. 

The vast mjo r i ty  of the therml  reelstsnce 

c2 
D b * =  E-i; 

where % i e  dependent only upon the tank therml  environment, the tank 

geometry, and the type of insulation employed. 
by means of equation (6) and substituting for  % i n  equation (4)  by means of 
the resulting equation yields - 

Eliminating mt,* from equation (5)  

Defining the reliquefier specific mss, R, as the mss of reliquefier i n  lb ,  
per lb./hr. of hydrogen reliquefied - 

Mr 
m r 

R = -  

Substituting i n  equation (3) for h& and Mr by mans of equations (7) a d  (8)) 
respectively, 

F r o m  inspection of equation ( g j  tine total  va-ii&le mss, M, vi11 b ~ ?  reduced 
below that i n  the absence of a reliquefier (mr = 0)  i f  and only if 

R < 8  ( 1  + C1) (10) 

Even assuming t h a t  the transport tank incremental mass per lb. of hydrogen, C1, 
is very small compared t o  unity, the to ta l  variable mass can be reduced by 
the ut i l izat ion of a reliquefier provided the specific mss of the reliquefier 
is less than the duration of storage, i.e. 
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From inspection of equation (g), if the employment of a reliquefier is Indicated, 
the reliquefaction mass flow rate should be as large as possible t o  minimize 
the to t a l  variable mass, M. 
corresponding t o  zero boil-off iuuii. 

(5)  equal t o  zero and combining the result with equation (6) yields - 
The mrximum possible reliquefaction rate is tht 

Setting ?he boil-off loss rate i n  equation 

c2 

Mi 
m P -  for  M = Mmin - r  

Substituting equation (12) i n  equation (9) - 

for  M = Mmin M = M i + -  - r  
RC2 

Mi 

Minimizing, the to t a l  variable mss, M, wi th  respect t o  the insulation mss, 
Mi, by means of the calculus 

Substituting fo r  Mi i n  equation (13) by means of eqmtion (14) then yields the 
to t a l  variable mass minimized with respect t o  the mass of insulation ( and the 
reliqueractiori r i s e  flcs r s t e )  - 

1/2 
G n  - r = 2 ( ~ 2 )  (15) 

! 

The miss of the reliquefier for  the conditions which minimize the to t a l  variable 
mss is equal t o  the insulation mass' for  the same conditions 
combining equations (8), (E), and (14) - 

%in - T for M = 
1/2 

Mr = (m2) 

It should be noted that the total  variable mss can not be m 

and i s  obtained by 

(16) 

nim-zcc, by the 
calculus with respect t o  t h e  reliquefaction mass flow rate  due t o  t h e  fact  
that  the value of the reliquefaction nmss flow rate which minimizes the to ta l  
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Campariaon of equations (14) and (17) reveals that the optinam insulation 
msses with and without a reliquefier are in the same ratio a8 the tots1 
variable masses. 
v:th z rzliccefier FR thue indIc8ted. 

The employment of a lesser insulation thickness in conjunction 

- 
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APPENDIX C 

TRANSIENT THERMAL ANALYSIS OF THE STOFULGE'I'TANK 

c-I. SUMMARY 

The r e l a t ionsh ip  between the amount of heat t r ans fe r r ed  t o  a tank  con- 
t a i n i n g  l i qu id  hydrogen anu t n e  pressure rise wi_f.hin the tank i s  derived herein 
from an energy balance. 
An eva lua t ion  of the  order of magnitude of the terms appearing i n  t h e  energy balanc 
ind ica t e s  t h a t ,  i n  general, only t h e  change of hydrogen i n t e r n a l  thermal energy i s  
s ign i f i can t ;  t h e  changes of tank s h e l l  i n t e r n a l  thermal energy and tank she l l  s t r a i  
energy together cont r ibu te  l e s s  0.1 percent of t h e  t r a n s i e n t  energy storage.  

It i s  assumed t h a t  the hydrogen temperature i s  uniform. 

c-I1 . 
U 

V 

M 

X 

Q 
P 

v 
E 

F 

A 

/o 

P, 
A 

Subscr ip ts  

v 
L 

m 

i 

f 

NOMENCLATURE 

Hydrogen i n t e r n a l  thermal energy, Btu/lb 

Hydrogen spec i f i c  volume, ft3/lb 

Mass of hydrogen, lbs 

Quality of hydrogen (Mass f r a c t i o n  i n  vapor phase) 

Heat t ransfer red  t o  tank s h e l l ,  Btu 

Pressure, p s i  

Tank volume, cu f t  

Young's modulus, p s i  

Working s t r e s s ,  p s i  

Poisson's r a t i o  

Tank she l l  i n t e r n a l  thermal energy, Btu/lb 
iiydrogeil 6 e n ~ i t y ,  I b / f t  3 

Tank s h e l l  density,  lb/ft3 

Increment 

Saturated vapor 

Saturated l i qu id  

Maximum 

I n i t i a l  
F i n a l  
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ANALYSIS 

An energy balance considering a con t ro l  volume immediately outs ide  
t h e  tank  she l l  y ie lds  

dQ, = M d11 + M, d U, L + p dV (1) 

Equation (1) states t h a t  the  hea t  t ransfer red  through t h e  tank  in su la t ion  t o  t h e  
tank s h e l l  i s  equal t o  t h e  sum of the increments of t he  i n t e r n a l  thermal energy 
of the s tored hydrogen, t he  in t e rna l  thermal energy of t h e  tank she l l ,  and t h e  
e l a s t i c  energy of t he  tank shell .  

From the de f in i t i on  of t he  s p e c i f i c  volume, 

V = M V  

whence 

dV = M d, 

Subs t i t u t ing  Equation ( 2 )  i n  Equation (1) and in t eg ra t ing  y i e lds  

1 J 
A s  an a id  i n  the  evaluation of t h e  second term i n  the  braces i n  Equa- 

t i o n  ( 3 ) ,  t he  i n t e r n a l  thermal energy of parahydrogen i s  presented i n  Figure C - l  
a s  a function of pressure and spec i f ic  volume. The l a t t e r  var iab le  was se lec ted  
because the  heat ing of t h e  hydrogen takes  place a t  near ly  constant volume condi- 
t i o n s .  (The volume of t he  tank increases very s l i g h t l y  due t o  the  pressure rise 
during heat ing.)  
g i e s  and spec i f i c  volumes of Reference 7 were employed i n  preparing Fig f i re  C-1. 
(The cor rec t ions  t o  t h e  saturated l i qu id  i n t e r n a l  thermal energy issued by the  
o r ig ina t ing  agency were incorporated i n  Reference 7 ) .  
s p e c i f i c  volume the q u a l i t y  ( t h e  mass f r a c t i o n  of t h e  hydrogen i n  the  vapor phase) 
was f i rs t  determined f o r  each pressure from 

Tne satui-St2-d l i q i ~ l d  and sa tura ted  vapor i n t e r n a l  thermal ener- 

For selected values of t he  

v - v, 
x =  

vv - vL 
( 4 )  

The i n t e r n a l  thermal energy was then ca lcu la ted  using 

u = x + + (1-x) UL ( 5 )  
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It i s  possible  t o  show t h a t  f o r  l iqu id  hydrogen s torage t h e  changes 
of the  tank s h e l l  i n t e r n a l  thermal energy and ,straih energy (represented by the  
second and t h i r d  terms within the  braces i n  Equation (3)) a r e  negl ig ib le .  To do 
t h i s  an approximate value o f  the tank s h e l l  mass i s  required.  This i s  estimated 
assuiiilrig 8 ucifcrmly s t ressed  spher ica l  s h e l l .  
given by 

The required s h e l l  thickness i s  

R d  
& =  G= 

Multiplying t h i s  by the  s h e l l  surface a rea  y ie lds  the  volume of s h e l l  mater ia l .  
Multiplying t h i s  i n  tu rn  by the  densi ty  of the  s h e l l  mater ia l  y ie lds  the  s h e l l  mass 

3 

40- 
.T P d P M, = 

Multiplying the  volume enclosed by the  s h e l l  by t h e  hydrogen dens i ty  y ie lds  the  
mass of hydrogen s tored.  

7 d 3 P  
6 

M =  

( 7 )  

Dividing Equation (7)  by Equation (8) then y i e lds  the  r a t i o  of the  s h e l l  mass t o  
the  s tored hydrogen mass. 

For 6 0 6 1 ~ ~ 6  aluminum a l l o y  a t  cryogenic temperatures, 

yu 6 
E = 10 x 10 p s i  

and for a t y p i c a l  tank s h e l l  design 

Pm = 30 p s i  

P = 4.2 l b / f t  3 
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whence 

MS - = 0.0468 M 

(Ti& tszk she l l  t.hickness f o r  t h i s  design i s  0.045 inch.)  For a 20-foot diameter 
tank, t he  hydrogen hydrostat ic  head i s  0.1 p s i .  
t h e  tank pressure,  t h e  assumption of a uniformly s t ressed  s h e l l  should y i e ld  sub- 
s t a n t i a l l y  cor rec t  es t imates  of the s h e l l  mass. 

Since this  I s  XZX. ccmFared t o  

From Reference 10, the enthalpy change of aluminum from 1 . 8 ' ~  t o  54"R 
i s  l e s s  than 0.1 Btu/lb. (The i n t e r n a l  thermal energy change is  s l i g h t l y  less.) 
For t h i s  temperature change the  second term within the  braces i n  Equation (3) i s  
thus l e s s  than 0.005 Btu/lb (of hydrogen). The temperature change associated wi th  
a r ise i n  tank pressure from 10 psia t o  30 ps ia  i s  from 34.3"R t o  41.3"R; and, 
from Figure C-1,  the  associated change i n  hydrogen i n t e r n a l  thermal e n e r a  amounts 
t o  16.7 Btu/lb. The contr ibut ion of t he  change of tank  s h e l l  i n t e r n a l  thermal 
energy is  thus e n t i r e l y  negl igible  even compared t o  the change of hydrogen in te rna l  
thermal energy f o r  a subs t an t i a l ly  smaller temperature change. 

The order  of magnitude of t he  contr ibut ion of the  tank s h e l l  s t r a i n  
energy ( the  t h i r d  term within the  braces i n  Equation (3) )  i s  estimated f o r  t h e  
same change of tank pressure considered above a s  follows. 
spec i f i c  volume i s  determined from t h e  change i n  tank volume. 

The change of hydrogen 

The tank  s h e l l  s t r e s s  i s  d i r e c t l y  proport ional  t o  t h e  pressure.  

0- P - = -  
-E pa 

From Equations (10) and (1.1) 

For the  propert ies  of 6061-~6 aluminum a l l o y  l i s t e d  above and f o r  t he  pressure 
change from 10 ps ia  t o  30 psia ,  

(A v)  = 1.333 x f t 3 / l b  

Multiplying t h i s  change of spec i f ic  volume by the  maximum pressure of 30 p s i  (and 
converting t o  thermal units)  yields  a product which i s  grea te r  than the  t h i r d  term 
wi th in  the braces i n  Equation ( 3 ) ,  v iz .  

P( A)v)  = 0.0074 Btu/lb 

The cont,ribution of t h e  change i n  tank s h e l l  s t r a i n  energy i s  thus e n t i r e l y  neg- 
l i g i b l e  compared t o  the  change of hydrogen iiitei%al thermal energy. 
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APPENDIX D 

RADIATOR AREA REQUIREMENT 

D - I .  INTRODUCTION 

A s  a f l u i d  i s  cooled i n  passing through a rad ia tor ,  t h e  reduction i n  
f l u i d  temperature gives r i s e  t o  a reduction i n  the rad ian t  heat  t r a n s f e r  r a t e  per  
unit surface area.  
area requirements presented herein.  
numerical r e s u l t s  a r e  a l s o  presented i n  both tabular  and graphical  forms. 

Eiis effect  i s  considered i n  a general  ana lys i s  of r ad ia to r  
To f a c i l i t a t e  the  appl ica t ion  UT the analysisj 

D-11.  

D - 1 1 1 .  

A 

% 
C.. 
kJ 

d 

F 
h 

m 

Ta 

Tb 

T O  

)? 

CT 

ASSUMPTIONS 

The following assumptions a re  made i n  t h e  analysis :  

1. Steady s t a t e  

2. Gray body rad ia t ion  

3 .  A l l  por t ions of the r ad ia to r  surface a r e  exposed t o  the same 
rad ia t ion  environment 

4. Uniform surface heat t r a n s f e r  e f fec t iveness  

5 .  

NOMENCLATURE 

Radiator surface area, f t  

Radiator surface area f o r  same heat  t r a n s f e r  r a t e  and uniform f l u i d  
temperature of Tb, f t 2  

Spec i f ic  heat a t  constant pressure,  (Btu/lb)/'R 

Di f f e ren t i a l  

Radiation configuration f a c t o r  between r ad ia to r  and s ink  
Fluid enthalpy, B t u / l b  

Mass flow r a t e  of f l u id  passing through r ad ia to r ,  lb/hr  
Heat t r a n s f e r  r a t e ,  Btu/hr 

Bulk average temperature of f l u i d  en ter ing  r ad ia to r ,  "R 

Bulk average temperature of f l u i d  leaving rad ia tor ,  O R  

Sink temperature (temperature t o  which r ad ia to r  i s  r ad ia t ing ) ,  "R 

Surface heat  t r ans fe r  effect iveness  

Stefan-Boltzmann constant = 0.1714 x 

Constant spec i f i c  hea t  of the  f l u i d  flowing through t h e  rad ia-or  

2 

,. 

4 (Btu /hr ) / ( f t2  "R ) 
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D-m. ANALYSIS 

Consider an inf ini tes iml  section of a radiator of sur3ioe BPCS ,LA! in which 
a fluid temperature change of (dT) is effected and from which heat i r  radiated 
at  a rate of (dq). A steady-state energy balance on this section yield6 - 

Substituting for (dq) by mans of the rate equation for gray body radiation 
and Substituting cP(dT) for (dh) yields - 

The surface heat transfer effectiveness, q ,  is by definition the rrrdiant heat 
transfer rate divided by the radiant heat transfer rate that would prevail if 
the local radiator surface temperature were equal t o  the local f luid temperature. 
As such the surface heat transfer effectiveness lncludee the effects of the 
temperature differences associated with both the convection within the fluid 
passage and conduction fromthe walls of the fluid passage t o  the radiation 
surface elements. 
herein since only the  effect of the latter is included i n  the usual definition 
of f i n  heat  transfer effectiveneee.) 

(The term "surface heat transfer effectiveness'' is used 

Solving equation (2) for  the area (dA) required t o  effect a f luid temperature 
change (dT) and then integrating t o  obtain the t o t a l  are8 required t o  cool 
the fluid from i t s  Inlet  temperature, Tal t o  i ts  exit  temperature, " - 
Separation of the integrand into partial fractions and Integrating yields - 
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whence - 

I n  the rnunsrical results preeented herein the radiator area is nO2~diCed with 
the radiator area, %, that would be required if the bulk average temperature 
of the f luid throughout the radiator were uniform and equal t o  the value at 
the exit, %. By definition then 

From an overall energy balance on the radiator - 
q = mep 0, - 

Substituting for the heat tranefer rate, qJ i n  equation ( 5 )  by means of 
equation (6) and dividing equation (4) by the resulting equation then yields 
the expression employed in the numerical camputrtionr - 

In  the special case of' the sink temperature, To, approaching eero, equation (7) 
becomes an indetermlmte form and hence can not be employed far muterial 
computations. This d i f f i cu l ty  is circumvented by deriving the expression 
equivalent t o  equation (7) for this epecial case. 
i n  either of two ways: 
equation8 (3) and ( 5 )  and, beginning with equation (3) ,  proceeding along the 
MIBO general l ines  as In the development of equation (7) or by evaluating the 
limit of the right band Side of equation (7) from the Calculus (using L'Hospital'B 
rule). 

This may be acconplished 
setting the sink temperature, To, equal to  eero i n  

The reeult  is, of course, the same, namely - 
m 
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The former approach yields, ae  an intermediate result, the following expression 

fo r  the radiator area - 
m 

Application of Results 

The first step i n  the application of the analyeis results is the computation by 
mean8 of equation (5) of the radiator surface area, +,, that would be required 
if the bulk average temperature of the f luid throughout the radiator were uniform 
and equal t o  the value a t  the exit, Tb. The ra t io  of the actual radiator area 
t o  th i s  radiator area, (A/%), is preeented i n  tabular and graphical form in 
Table D - 1  and Figure D-1,  respectively, a8 a fpnction of the i n l e t  t o  exit  and 

exit t o  sink temperature ratios, (T,/Tb) a"d(Tb/To). The ratio, (A/%), i r  
evaluated from a knowledge of the temperatures and then multiplied by Ab t o  
yield the actual'rtrdiator @rea, A. 
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TABLE D-I 

RADIATOR AREA REQUIREMENTS 

To Sink temperature 

Tb 
A Radiator surface area 

Ab 

Flitid temperature into radiator 
Fluid temperature aut of radiator 

Radiator surface area for same heat transfer rate alld uniform 
fluid temperature of Tb 

1.0 
1.1 
1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

3 02 

3.4 

1.oooO 
O.&!@ 

0.7022 

0.5296 

0.41- 

0.3452 

0.2917 

0.2517 

0,nog 

0.1965 

0.1768 

0.1605 

0.1469 

0.139 

$ = 0.4 

1.oooO 
O . & Z  

0 * 6973 

0.Z41 

0.4149 

0434W 

0.2675 

0.2482 

0.2178 

0 1937 

0.1741 

0.1* 

0.1448 

0.1334 

TO 

Tb 
- = 0.5 

1.oooO 
0,8205 
0.6900 

0.5164 

0.4078 

0.3345 

nCh1 w.c=a. 

0.2433 

0.2134 

0 0 1897 

0.1706 

0.1549 

0.1417 

0,1306 

TO - = 0.6 
Tb 

1.oooO 
0.8098 

0,6756 

0.5010 

0 * 3938 

0.3221 

0.2713 

0.2337 

0.2048 

0.1&0 

0.1636 

0.1485 

0.1359 

0.1251 

2 - 0.7 
1.oooO 

0 7897 
0.6489 

0 4733 

0 3690 

0.3005 

0.25e4 

0.2170 

0.1898 

0.5 

0,1515 

0.1374 

0.1257 

0,1158 
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